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Abstract

This thesis presents a standalone measurement of the Higgs boson production cross-section in the
Vector Boson Fusion Vector Boson Fusion (VBF) production mode performed in the H — ZZ —
41(l = e, p) channel. The study is done using datasets corresponding to proton-proton collision
data produced at the LHC at /s = 13 TeV and collected by the CMS detector, equivalent to an
integrated luminosity of 137 fb~!. The artificial neural network technique is used in order to perform
the multivariate analysis for two orthogonal jet-based categories defined in this analysis. Statistical
shape analysis developed for the two jet-based categories is done by combining the discriminant
distribution from each category. The Higgs VBF signal strength modifier and the significance of
the present analysis have been estimated. The present analysis has enough significance for the VBF
Higgs production evidence. A projection for future luminosities is also presented, and accordingly,
it is expected to have enough significance for the VBF Higgs production observation (50) with an

integrated luminosity of 350 fb~!.
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Introduction

One of the biggest mysteries of the Standard Model (SM) was to understand the mechanism respon-
sible for breaking the electroweak symmetry and generates the masses of the elementary particles.
According to the theory, the elementary particles have been initially treated as non-massive objects
to keep the certain symmetry conditions needed since physics must be invariant under frame varia-
tion. However, around 1964, an idea for spontaneously generating the mass of the particles without
breaking their symmetry was conceived in theory. [1-3].

In 2012, the last missing piece on the SM basis had been found by the discovery of a new boson, the
so-called “Higgs boson” at the LHC at CERN by the ATLAS and CMS collaborations [4, 5] which

represents, therefore, a significant achievement in the particle physics field.

After the Higgs discovery, the properties of the Higgs boson have been measured in many of the
accessible final states. From the combination of the ATLAS and CMS measurements [6], the Higgs
boson mass has been measured to be 125.09 £+ 0.21 (stat) £0.11 (syst) GeV. Several results from
both experiments demonstrated that its measured properties, including its spin, coupling strengths
to fermions and bosons, and the CP properties, are compatible with the SM expectations.

With increasing the amount of data collected from the LHC, the properties of the Higgs boson can
be measured with better precision, and rarer decay modes become accessible. Such measurements
are interesting because any deviation from the theory’s prediction might be a hint for a new physics
beyond the SM. The Vector Boson Fusion (VBF) production mode is a key process for precision
measurements of Higgs properties since it is a clean channel with very distinctive kinematics. In
addition, it is followed by two energetic jets separated by a 1 gap, which can be used as a tagging
input. Such features provide a good scenario for measurements of Higgs couplings [7]. The VBF
channel is a direct probe of the coupling between vector bosons and the Higgs boson and, hence,
directly probes the electroweak sector of the SM.

This thesis presents a dedicated measurement of the Higgs boson production cross-section in the
VBF production mode in the H — ZZ — 4i(l = e, p) channel. The dataset used in the analysis
corresponds to proton-proton collision data produced at the LHC at a center-of-mass energy of
13 TeV and collected by the CMS detector equivalent to an integrated luminosity of 137fb~1.
The present analysis relies essentially on the reconstruction, identification, and isolation of leptons
and jets. The selections performed in this analysis are designed to reconstruct a final state with
four charged leptons (4u,4e or 2e2u) and at least two jets. The four-lepton system was designed
to reconstruct the Higgs boson and is synchronized to the one used to discover the Higgs in the
Z7Z — 4l channel.

To enhance and discriminate the VBF signal, I used Artificial Neural Network (ANN) trained on
Monte Carlo (MC) events for signal and background, studied a large number of configurations of the
network parameters, and selected the one providing the best efficiency times purity. The analysis
proposes the usage of the 3" jet when available in the event; therefore, a new sample for VBF Higgs
production associated with three hard jets at NLO was generated (private production). In order to

xvil



optimize the analysis and adequately handle the usage of the third jet in the events, two jet-based
categories have been defined. For each category, a NN discriminant was developed.

The thesis is structured as follows:

e Chapter 1 introduces the SM of particle physics, with an emphasis on the Higgs mechanism.
Moreover, an overview of the various decays and production modes of the Higgs boson is
also discussed, motivating the VBF production mode used in this analysis as one of the most
promising and interesting signals. Finally, the most important measurements of the Higgs
boson properties are also summarized in that chapter.

e Chapter 2 is dedicated to the experimental setup used to obtain the data for this analysis.
The chapter starts with a brief overview of the LHC accelerator and its experiments, followed
by a more elaborate description of the CMS experiment, its detectors and its trigger system.
Then the second part of this chapter covers the reconstruction and identification of the physics
objects used in this analysis and their performance. It also reviews the Monte Carlo event
simulation used in this thesis.

e Chapter 3 presents a study I have done to measure the CMS tracking performance, which is
crucial for the overall performance of the CMS experiment. The study has been done using
the tag-and-probe method exploiting the Z — p*u~ resonance.

e Chapter 4 presents a study I have done to evaluate the effects of the electronic threshold on
the performance of the RPC system of the CMS experiment. This study aims to optimize
the RPC performance, and hence the effects on the RPC efficiency, cluster size and detector
intrinsic noise rate of variations of the electronics has been discussed.

e Chapter 5 represents the building blocks required to perform the analysis. It describes the
dataset used, the signal samples, and the expected background processes. The second part
of the chapter is dedicated to a detailed description of the selection criteria applied to choose
the physics objects used in the thesis.

e Chapter 6 gives an overview of the analysis strategy followed to in this work, starting with the
event selections that applied to define the VBF signal region, then it described the background
estimation, including the data-driven estimation for the Z+X background.

e Chapter 7 introduces machine learning concepts and the strategy of using ANN to search
for the SM VBF Higgs boson signal. The Chapter starts with a description of the general
architecture of the ANN, the learning process, the training strategy. Then, it presents the
results of the performance of the trained ANN for each year used in the analysis. Finally, it
ends with a comparison between data and simulation for the output discriminant.

e Chapter 8 introduces the sources of systematic uncertainties affecting the measurements. In
addition, it describes the statistical procedure used to evaluate the signal’s presence. The last
part of the chapter presents the final yield and distributions and the statistical interpretation
of the results.



Chapter 1

The Standard Model and the Higgs

Boson

The endeavor of particle physics lies in the observation, formulation, and validation of the rules
that describe the fundamental interactions between elementary particles and their properties. Our
current understanding of the elementary particles is summarized in the so-called the SM of particle
physics. The SM gathers quantum field theories which describe the elementary particles building
the ordinary matter and the interaction between them via three mechanisms: the strong nuclear,
the weak nuclear, and the electromagnetic interactions. The gravitational interaction is not in-
cluded, but it is much weaker and is not expected to contribute to the physical processes currently
investigated in high-energy physics. An overview of the SM and a brief description of the Higgs
boson mechanism are given in this chapter to motivate the Higgs characterization effort and the

analysis that is targeting the VBF Higgs production observation.

1.1 Fundamental particles and interactions

The elementary particles are the ones that do not have an internal structure; they are classified
as fermions and bosons. The former have S = 1/2, and they are fundamental constituents of the
matter; in turn, they are classified as quarks and leptons. The latter have S = 1 and mediate the
interactions between fermions. An overview of the particle content of the SM and their properties

are given in Fig. 1.1.

Twelve fermions are experimentally observed and included in the SM. Each of them has an “an-
tiparticle”, e.g. a particle with identical mass and opposite quantum numbers. Omitting their
antiparticles, the known electrically charged leptons are the electron e, the muon u, and the tau
lepton 7, with Q = —1; each is paired to a neutrino (ve,v,,v;), electrically neutral, to form a
“generation”. Their masses span a wide range: the electron has mass m. = 511 MeV, and it is
the lightest of the charged leptons; the muon and the tau lepton have masses about 200 and 3500
times larger; neutrinos are massless in the classical SM formulation. However, the observation of
neutrino oscillations implies that also neutrinos are massive [9, 10] (m, < 2 eV ); to account for it,
a modification is introduced in the SM formalism through the PMNS matrix [11].

Each quark carries a quantum number called “flavor”, subjected to the electroweak interactions;
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Figure 1.1: Diagram representing the particle content of the Standard Model [8]. The graviton, represented
outside of the Standard Model in this figure, is not observed.

like leptons, the quark flavors are paired in three generations: up (u) and down (d), charm (¢) and
strange (s), top (t) and beauty (b). Within each pair, the first quark has Q = 2/3 and the second Q
= —1/3. In addition to the other quantum numbers, quarks carry a “color”, denoted as ¢; = 1,2, 3,
on which the strong interaction operates by the rules described by the QCD theory. Quarks are
only experimentally observed as color-neutral bonds, called “hadrons”; this QCD property is known
as “confinement”. Like charged leptons, quarks also have masses that differ by several orders of
magnitude: the heaviest quark, the top, has a m,; = 172.9 GeV mass; thus, it has an extremely
short lifetime and, before a hadron can be formed, it decays through weak interaction into a W
boson and a lighter quark [10]. However, quarks are confined in hadrons; they are “asymptotically
free” particles [12] in high energy collisions, i.e., the strong coupling becomes weaker when the
momentum transfer is large. This feature allows the fundamental interactions between them to be

investigated in High Energy Physics with proton-proton colliders such as the LHC.

The SM describes the fundamental interactions between the particles as a quantum field theory
with an exchange of force-mediating particles. Three of the four known forces are incorporated in
the SM, and their interactions and kinematics are described by mathematical constructions called
Lagrangian density. The SM Lagrangian is invariant under Lorentz transformation that implies the

conservation of energy and momentum.

In the SM, the description of the fundamental interactions is based on the local gauge symmetry
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group |13, 14]
SUB)e x SU(2)L xU(1)y (1.1)
———
QCD EW

SU(3)c describes the strong interactions and the index “C” refers to the color charge, which is
conserved under SU(3) symmetry. The gauge sector of the SM contains gluons, which mediate
the strong interaction and correspond to the generators of the SU(3)¢c group. SU(N) groups with
dimension N require (N2 — 1) generators; therefore, SU(3)c has eight generators corresponding
to eight gluons. Gluons carry color quantum numbers for red, green, and blue; therefore, they
interact with each other and with colored particles similar to quarks. Under SU(3)¢, quarks are
color triplets while leptons are color singlets; therefore, quarks carry a color index ranging between

one and three, whereas leptons do not take part in strong interactions.

SU(2)r, x U(1)y describes the unification of the weak and electromagnetic forces in the so-called
non-abelian gauge group of the electroweak interaction. The “L” subscript refers to the left chiral
nature of the SU(2)r coupling, and “Y” in U(1)y refers to the weak hypercharge which is carried
by the gauge field B), and is relevant to the electric charge Q and the weak isospin T3 as

Y =2(Q - T) (1.2)

The three gauge fields Wﬁ, Wi , and Wi‘ are associated to SU(2), with three generators that can

be written as half the Pauli matrices:

1(0 1 1(0 —2 1(1 0
T — = , T — — R T = — 13

The generators T, obeying the commutator rule:

3
[Til? Tb] =1 Z €abele (14)
c=1

where €4, is a fully anti-symmetric tensor.

In the SM, fermions (quarks and leptons) are represented by matter fields or Dirac (spinor) fields,
denoted by v, that is split into left and right-handed parts (47, 1)®). Left-handed charged leptons
and the corresponding neutrino spinors are grouped in weak isospin doublets. The same in the case
of quarks, left-handed up-type quark fields are grouped with the corresponding down-type quark
fields.

L _ 1/)54 R R
T/fq L 7¢uq7wdq <15)
vk

Similarly for leptons,

¥y,
[ = (#)wﬁ:m (1.6)
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where u,d represent up-type and down-type quarks, wlL is the left-handed lepton field, 1 is an index
over the three lepton generations, and wlR is the right-handed field. One should notice that in the

SM there are no right-handed neutrinos.

The matter fields transform linearly under the gauge group. In order to preserve the local gauge
invariance, all the field space-time derivatives are promoted to covariant derivatives: du — D,,.

Given the SM gauge structure, the covariant derivative will be:

Dy, = 0p+igY By (x) + igWi (x)T* + igg G ()t (1.7)

where g/, g are the coupling of the hypercharge field B, and the electroweak interactions, mediated
by the three W fields; gg is the coupling of the strong interaction, mediated by the eight G, fields.
The vector boson fields are functions of the space-time (the 4-vector x), as explicitly written in the
above formula. The Y,T% and t® are the generators of the symmetry group in the representation
required by the field. When substituted in quadratic terms, the covariant derivative produces the
interaction vertices between fermions and vector bosons. This description of the interaction vertices,

also called minimal coupling substitution, is predictive when used in perturbation theory.

The invariant kinetic terms for the gauge bosons are also part of the Lagrangian, in the form:

j%

1 1 1
Lrin = =7 G, G — TWi, W — 2B, B (1.8)

where the field strength tensors Gj,,, Wy, and B"” appear. The field strength tensor is defined, for

the weak gauge fields, as:

Wi, = 0uWg + ovW — igf " Wiwp (1.9)

The third term only appears if the group corresponding to the gauge field is non-abelian; g is the
coupling that is also found in the covariant derivative. In the SM, the SU(2), and SU(3). groups
are non-abelian, while the hypercharge group U(1)y is abelian. The third term generates both

cubic and quartic self-interactions among the gauge fields.

The gauge bosons have no mass terms, as those would not be invariant under the gauge symmetry.
A possible solution to give a mass to the gauge bosons is the Higgs mechanism discussed in the next

section.

1.2 The Higgs mechanism

The Brout-Englert-Higgs (BEH) mechanism, also known as electroweak symmetry breaking (EWSB),
was introduced to generate the gauge boson masses and explain the fermion masses, which were
not accounted for in the electroweak gauge formalism. It was proposed in 1964 independently by F.
Englert and R. Brout [1], by P. Higgs [3], and by G. Guralnik, C. R. Hagen, and T. Kibble [15]. The
BEH mechanism represents a symmetry-breaking process that provides the SM with a renormaliz-
able [16] and gauge-invariant Lagrangian that accounts for the mass of the gauge bosons. In the

simplest case, Spontaneous Symmetry Breaking (SSB) requires the presence of a scalar field with a

4
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positive vacuum expectation value. In the SM case, the SSB is realized via a complex scalar field
which spontaneously breaks the SU(2)r, x U(1)y gauge symmetry [1-3]. The SU(3)¢c symmetry

remains unbroken.
The additional Lagrangian terms due to the scalar Higgs field is given by
Luiggs = (Du‘I’)T(D“‘I’) - V(2) (1.10)

To spontaneously break the symmetry, consider a complex scalar field ®(z) which behaves as doublet

under SU(2)y, and has a hypercharge value of 1,

O(z) = (‘ZX) (1.11)

Renormalizability and SU(2) x U(1)y invariance claim the Higgs potential V(®) to take the form:

V(®) =V (®T®) = —120Td + A(BTD)? (1.12)

Figure 1.2: Illustration of the Higgs potential V(®) for the complex scalar field. Whereas the potential
itself is symmetric, choosing any of the points at the minimum of the potential effectively breaking the
symmetry for non-vanishing fields ®. [17]

The peculiarity of the potential V(®) is its symmetric shape that provides asymmetric ground
states, as shown in Fig. 1.2. The symmetry is spontaneously broken when the minimum of the
potential V(®), also called vacuum expectation value, is obtained for non-vanishing scalar fields
® in the configurations where the constants p? and \ are positive. The ® field, with appropriate

gauge fixing, can be rewritten as
= — with v = — 1.13
"= <V+H(x)> (2)\ (1.13)

In this way, the symmetry is broken, generating a mass for the corresponding gauge boson. The
three gauge bosons acquire a mass, whereas the U(1),y, symmetry persists unbroken, the photon

remains massless. The covariant derivative term in the Lagrangian equation can be rewritten as:
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}3 ) H (x)0MH (z) + gW3 gB,)* (v+ H(z))?

sl (1.14)
+ g9 —2W2 (W1“+1W2“) (V+H(ac))2

The mass of the gauge bosons arise through the combination of the fields Wﬁ’Q (for the bosons W*)
and of the fields Y}, and WE (for the bosons Z and «y -the photon) through the expressions:

W4 iw? v

+_ p M _vg

7 - M My = Ve +g? (1.16)
Ve 2

gW32 +gB,

A, = My =0 (1.17)

The physical Higgs field, H(x), describes a scalar particle with mass my = v/2X - v which can be
derived from the potential term V(®). The mass of the Higgs is a free parameter that depends on
the A introduced by the Higgs potential while the vacuum expectation value can be extracted from
Fermi constant G to be v = 246 GeV.

Yukawa interaction

Thus far, the SSB of the local gauge invariance of SU(2);, x U(1)y gives rise to the mass terms
of the weak bosons through their interaction with the Higgs field. The same field allows mass
terms proportional to the vacuum expectation value for the fermions while keeping the local gauge
invariance [18, 19] through the so-called Yukawa interaction. The mass terms for the fermions take
the form m (djmbL + 1/;L¢R) which is not invariant under SU(2)r. Gauge invariant mass terms are

introduced via the interaction of the fermions with the Higgs field.

Accounting for the first lepton generation, their interaction is described by the Yukawa Lagrangian

'CYukawa = _Ye(r&R(pTl/JL + &L(I)wR) (118)

where y, is the coupling constant between an electron and a Higgs boson. By injecting the scalar
doublet with parametrization Eq. 1.13, one has
v+ H(z) ,_ _
Ly ukawa = *YeT (eReL + eLeR) (119)

re-grouping the electron fields as € = (égr,€r),e = (egr,er), the Lagrangian can be written more

conveniently as
H(z)

v o_
EYukawa = _yeﬁee —Ye \/i €ee

(1.20)
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where the mass of the electron m, = y,v/+/2 and the interaction term between the electron and the
Higgs boson arise. Likewise, we can add the mass term for the other charged leptons with coupling

proportional to the lepton mass.

The Higgs boson gives mass also to both the down type and up type quarks with Yukawa interactions.

The mass terms for the down type quarks are analogous to the lepton masses, while for up type

§— L (” * HWD) (1.21)

quark, the conjugated field

V2 0

is used in the mass terms which take the form:

o~ o~ v+ H(x) ,_ _
Lyukawa = —Vu(Ur®1qr + qLPug) = yu\@() (apur, + arup) (1.22)

As a result, the Higgs mechanism allows for both bosons and fermions to acquire masses by intro-
ducing the Higgs boson scalar field. The interaction of the Higgs boson with fermions and gauge
bosons is related to the gauge couplings and the masses: as for fermions, the interaction is pro-
portional to their mass, while the interaction with gauge bosons relies quadratically on their mass.
As a consequence, the Higgs boson decays preferentially in the heaviest kinematically accessible

particles.

1.3 Phenomenology of the Higgs boson at the LHC

On the 4" July 2012, the ATLAS and CMS experiments at the LHC at ATLAS announced the
observation of a new boson in the mass region of around 125 GeV compatible with the one predicted
by the SM [4, 5|. The double confirmation of the Higgs boson led to the awarding of the 2013’s
Nobel Prize in Physics to Francois Englert and Peter Higgs for the discovery of the mechanism that
generates the mass of the particles and for predicting the existence of the neutral massive scalar

boson.

Once the Higgs boson mass value is assumed, predictions for its production and decay rates are
possible. Four main Higgs boson production mechanisms are expected to occur at the LHC at
the center-of-mass energies currently reached (up to 13 TeV). The leading Feynman diagrams are
reported in Fig. 1.3. Their expected cross-sections for a Higgs boson of mass of 125 GeV are shown
in Fig. 1.4 (a).

e The gluon-gluon fusion (ggF) is the dominant production mode over the entire mass
spectrum at the LHC with a cross-section of 49 pb at /s = 13 TeV, which approximately
represent ~ 85% of the total. The two gluons of the protons interact to produce a Higgs boson
via an intermediate heavy quark loop; the loop is necessary since the Higgs boson does not
couple to the massless gluons. Being the Higgs boson couplings to fermions proportional to
their mass, the main contribution to the SM amplitude comes from the top quark loop. It,

therefore, is adequate to probe the top Yukawa coupling.
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Figure 1.3: The Feynman diagrams for the Main Leading Order Higgs boson production modes in proton-
proton collisions [20]; (a) gluon fusion, (b) Vector-boson fusion, (c) associated production with a gauge
boson(Higgs-strahlung), (d) associated production with a pair of top quarks, their cross sections at the LHC
are summarised in Fig. 1.4 (a)

e The vector boson fusion (VBF) process has a cross-section of 3.8 pb at /s = 13 TeV,
about ten times smaller than ggH. The Higgs boson is produced from the fusion of two W or
two Z bosons which radiated from two quarks. The coupling of the Higgs boson to the vector
bosons can be measured with this process. The outgoing quarks from the interaction proceed
in the forward region, leaving a distinct signature of two energetic forward jets separated by

a large pseudorapidity gap.

e The Higgs-Strahlung (VH) is the third most frequent mechanism, with a slightly smaller
cross-section compared to the VBF. In this process, a quark interacts with an antiquark to
produce a massive vector boson which radiates a Higgs boson. As in the VBF case, the
VH process is instrumental in probing the Higgs boson coupling to vector bosons. At the
LHC, although the cross-section of WH is approximately two times higher than the ZH, its
precision in the reconstruction is limited due to the decays of the W boson to neutrinos, which

are undetectable.

e Top quark associated production (ttH) is the last of the four main production modes,
and its contribution to the total cross-section is about 1%. The Higgs boson is produced in
association with a top quark and an anti-top quark which, in turn, originated from the gluon
splitting. Unlike in the ggH case, there are no loops involved in these processes, allowing

direct measurement of Higgs coupling to the top quark.

The most accurate predictions for the production cross-sections in each mode are reported in
Fig. 1.4(a). The accuracy level in perturbation theory for the corrections due to the strong interac-

tions, computed in perturbative QCD, and electroweak corrections is also reported in Fig. 1.4(a).

With a lifetime of 1.56 x 10722 s, the Higgs boson decays immediately and it is studied via its decay
products. It can decay to a variety of final states which can be divided in tree-level decays, such as

77, WW, 7777, bb, p*n~ and cé, and via virtual loop to a pair of gluons or a pair of photons; as
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Figure 1.4: (a) Cross-sections of the main Higgs boson production modes as a function of the centre-of-mass
energy for a mass of my = 125 GeV. (b) Branching ratios of the main decay modes of the Higgs boson as a
function of the Higgs boson mass [21].

illustrated in Fig.1.5. The branching ratios of these decay channels depend on the Higgs mass, as
reported in Fig.1.4(b).

Interestingly, even if the H — ZZ and H — ~~ have a lower branching ratio than H — WW |
they were the main drivers of the Higgs boson discovery in 2012. The former benefits from a high
signal-to-background ratio and an excellent invariant mass resolution in leptonic decays; the latter

profits from very high resolution in the reconstruction of the invariant diphoton mass.

1.4 The Higgs VBF Production Mode

Among the various production mechanisms of the Higgs boson, VBF is undoubtedly considered
one of the most vitally important and promising signals. There are some special features of this
production mode. It has the largest cross-section between the processes that involve tree-level
production of the Higgs boson. It is also the second-largest among all the processes. Its signature
of two energetic forwarded jets makes it possible to tag events and distinguish Higgs decays that
typically have large backgrounds, opening access to the challenging measurements of the Higgs
couplings. The angular correlations between the jets make the VBF mode acquire a particular

sensitivity to the charge-parity properties of the Higgs boson [23].

Higgs production in VBF is considered as a pure electroweak process at Leading Order (LO), as
illustrated in Fig. 1.6. However, at the collider, the QCD corrections are typically considerable.
Through the past years, considerable enhancements have been achieved in the phenomenological
interpretation of the Higgs VBF production mode. Computations for the total cross-section and
differential distributions to Higgs produced via VBF, including NLO QCD and EW corrections, were

presented by [24, 25] and are available in flexible Parton-level MC generators. Moreover, Partial
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(a) (b)

() (d)
Figure 1.5: The Feynman diagrams that represent the Higgs boson decays [22]. (a), (b) are Higgs decay
vertices at leading order, while (¢), (d) are Higgs decays to photon pairs via loop diagrams.
NNLO QCD corrections have been presented by [26, 27|, which reduces the uncertainties on the

inclusive VBF XS from 5 —10% to 1 —2%, making VBF the theoretically most accurate production
mode at hadron colliders [10].

P

P,

Figure 1.6: Sketch of the Higgs VBF production description through the structure function approach [27]

The most recent developments done on the VBF theory formalism come from applying the so-called
structure-function approach, which is based on the description of the VBF process as a double
deep-inelastic scattering process (DIS), see Fig. 1.6, in which the Higgs boson formed from the
fusion of two virtual vector bosons independently emitted from the initial hadronic states. This
approximation is built on the absence (or smallness) of QCD interference between the two inclusive

final states X7 and X3. The total cross-section is given as a product of the matrix element M,

10
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for VBF (V}'Vy — H)and the DIS hadronic tensor W, giving a VBF differential cross-section of
the form [25, 27|,

1 1 1
do = 72G%M\2/1M\2/2 2 2 Wul/(afla Q%)MIWM*VUWPU(:E% Q%) X
25 (QF + My)™ (@5 + M) (1.23)
3P 3P 3P '
X1 X2 dads T (27)46%(P, + P, — Px1 — Pxs — Py)

(27T)32EX1 (27T)32EX2 (27T)32EH

where S is the squared centre of mass-energy, G is Fermi’s constant, My,; stands for the vector
boson mass, Q7 = —¢? and z; = Q?/(2P;-¢;) are the usual DIS variables. The theoretical discussion
about the computation of the total cross-section exceeds the scope of this analysis and is available
in Ref. |25, 26]

1.5 The experimental highlights of the Higgs boson at LHC

The LHC Run 1 was highlighted by discovering the Higgs through the H — 4] and H — ~7 decay
channels and detecting its mass, the missing parameter in the SM (~ 125 GeV). The decay to vector
bosons was subsequently observed with a significance of at least 5 standard deviations (o) both in
H — vy 28,29, H— ZZ — 41 [30, 31] and H - WW — 2{2v [32, 33| channels by the ATLAS
and CMS collaborations.

Additionally, the spin and parity of the Higgs boson were tested [34, 35]. The observations implied
that the Higgs boson has spin-zero, disfavoring the spin-2 and pseudoscalar hypothesis, consistent
with the pure scalar hypothesis, J© = 0%, as predicted by the SM. The decay into photon pairs

excludes the spin 1 hypothesis (Landau-Yang selection rules).

Due to the larger significances of the observations of the decays to vector bosons, the consistency of
the experimental data with the SSB in the electroweak sector was one of the clear answers provided
by the LHC Run 1 data, while the consistency of Yukawa couplings was yet to be probed with

similar accuracy. None of the fermionic decays had reached the 50 threshold in Run 1.

With the data collected in Run 2, these decay modes lead to the most stringent measurements of
the Higgs boson properties and the first Higgs differential cross-section studies in the ATLAS and

CMS collaborations [36-40], in addition, it provided access to the main fermionic couplings.

LHC Run 1 Higgs results

Higgs results from the LHC Run 1 are summarized in two combination papers using data from both
ATLAS and CMS experiments [41, 42]

A combined mass measurement was performed using the full Run 1 luminosity of about 5 fb=! at
V8 = 7 TeV and about 20 fb~! at \/s = 8 TeV for both the ATLAS and CMS. Thanks to the good
reconstructed mass resolution, the two decay channels H — vy and H — ZZ — 4l are used in the

measurements. The resulting combined mass is,

mp=125.09 + 0.21(stat.) £ 0.11(syst.) GeV

11
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Figure 1.7: The combination of ATLAS and CMS measurements for Best-fit results for the production signal
strengths (left) and the branching ratio signal (right). The error bars refer to the 1o and 20 intervals. [41]

The couplings to SM fermions and bosons were subsequently extracted, assuming a Higgs mass of
125.09 GeV. Several parameterizations were used for the combined fits. The signal strength modifier
1, describe the agreement between the SM prediction and the relative measurement, gives a best-fit

value of

p = 10975115 = LO9TGT (stat.) T5.0 (exp.) 707 (theory)

Analogous measurements were performed independently for each production signal strength and

each branching ratio signal strength. The fit results are shown in Fig. 1.7.

> T T T T T T
€> 1fATLAS and CMS
2 LHC Run{
s}
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'S
¥
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[]68%CL
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1074:.. i il il =
10™ 1 10 10%

Particle mass [GeV]

Figure 1.8: Best fit result for the coupling modifiers combining ATLAS and CMS measurement for each
SM particle as a function of the particle mass; the expectation from the SM is represented by the dashed
line. [41]

Fits with only the SM vertices modifiers can also be performed. In this case, the SM assumptions

about the relative contribution of each coupling to the amplitudes are essential. The coupling to

12
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each SM particle is tested individually, assuming the loop amplitudes’ relative consistency with the
SM. Fig. 1.8 reports the performed fit that assesses the consistency of the data with the SM vertices
as a function of the vacuum expectation value v. The results show a good consistency with the

expectations for both the couplings to fermions and vector bosons with relatively better precision.

LHC Run 2 Higgs results

The larger amount of data collected during Run 2, corresponding to an integrated luminosity of 137
fb~1, allowed the observation of some of the decay and production modes, which were missing after
Run 1. In particular, observing the Higgs to fermion couplings was crucial for verifying the Higgs
sector in the SM.

The H — 77 decay observation was reached after the ATLAS and CMS results for Run 1 data
combinations. With Run 2 using 2016 data, both CMS and ATLAS observed this decay indepen-
dently [43, 44]. Such a result confirmed the coupling of the Higgs with leptons.

The first direct measurement of the coupling of the Higgs boson with the t-quarks has been measured
by observing the ttH production mode, certificating the interaction between the Higgs and the
up-type quarks. Both ATLAS and CMS obtained the 50 significance over the background-only
expectation during Run 2 [45, 46].

The observation of H — bb was achieved in 2018 by CMS and ATLAS using 2016 and 2017 data [47,
48]. The most sensitive production mode for this search is VH, which exploits the vector boson’s
leptonic decays and allows the observation’s attainment. These measurements probed the coupling

of the Higgs boson to the third generation fermion.

The evidence of the Yukawa couplings of the Higgs boson with the second generation of fermions
is one of the most important achievements for LHC Run 2, which has been performed through
the decay channel H — pu* ™. An observed (expected) signal significance of 2.00 (1.70) has been
obtained from the ATLAS experiment using Run 2 data [49], followed by 3.00 (2.4)c has been
achieved by the CMS [50]; thus, it constitutes the first evidence of the Higgs boson decay to muons.

CMS
ATLAS Preliminary —=— Observed: Stat+Sys Run 1:5.1 o™ (7 TeV) + 19.7 o™ (8 TeV) — Total Stat. Only
H—Z7* - 4l [m1 Observed: Sys-Only 2016:35.9 f™ (13 TeV)
Vs=13TeV, 139 fb” Total (Stat. Only)
L my [GeV] i Run 1 H—-yy —_— 124.70 £ 0.34 (£ 0.31) GeV
" +0.29 +0.13
4n —Em— 124.80 46 (Stat) [ oy (Sys.) Run 1 Hos ZZ—s 41 ——— 12559+ 0.46 (+0.42) GeV
2e2u : 12495 53 (stat) % (3ys) Run 1 Combined 125.07 +0.28 ( + 0.26) GeV
" h -0.04
r ! N 2016 Hoyy W= 125.78+0.26 (+0.18) GeV
2u2e w3 ——— 125.34 7,7 (Stat) 0 (Sys)
L : _ 2016 H—> ZZ— 41 -——-I 125.26 +0.21 (£ 0.19) GeV
H 124. 7.074 ) 010 : )
4o tes——— 24.59 7} (Stat) 710 (Sys.) 2016 Combined .l_.. 125.46 +0.16 (  0.13) GeV
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Figure 1.9: A summary of the measured Higgs boson mass obtained by the ATLAS in the decay channel
H — ZZ — 4l (left) and obtained by the CMS in the decay channels H — vy and H — ZZ — 41 (right).
The results by ATLAS using Run 2 data and for CMS use Run 1 + 2016 combined measurement. [38, 51]
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Several other important measurements about the Higgs, thanks to the huge amount of data collected
in Run 2. In particular, the Higgs mass has been measured with a precision reaching 0.1% by CMS
and ATLAS, as shown in Fig. 1.9. The most precise measurement of the Higgs boson mass up to
date done by the CMS in H — ~vy and H — ZZ — 4l decay channels using Run 1 + 2016 combined

data is

mp=125.38 + 0.11(stat.) & 0.08(syst.) GeV

The total width of the Higgs boson is also a challenging measurement at the LHC. This measure-
ment has been performed by comparing the on-shell and off-shell production rates in the ZZ decay

mode [52]. The Run 2 CMS results improved on the upper limit set in Run 1, and a lower limit is

also set for the first time. The Higgs width has been measured to be 3.2f§:§ MeV, in agreement with

the expectation. The observed width is presented in Figure 1.6 with the 68% and 95% confidence

levels.
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Figure 1.10: The likelihood scans of the Higgs total width, observed (solid) and expected (dashed). Results
are shown using the data collected in 2016 and 2017 (black) and combined with Run 1 (red). [52]

Previous VBF H — ZZ7 — 4] measurements

The VBF channel is a direct probe of the coupling between vector bosons and the Higgs boson and,
hence, directly probes the electroweak sector of the SM, considering the decay mode H — ZZ — 4l,
it is a clean channel with very distinctive kinematics which allow precision measurements of Higgs
properties. In addition, it is followed by two energetic jets separated by a n gap, which can be used

as a tagging input.

The latest measurement for the signal strength modifiers for the different main production mech-

anisms of the Higgs boson recently performed by the CMS using Run 2 data has been shown in
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Fig. 1.11, including the signal strength modifier for the VBF production mode. From the measure-
ments, the best fit for the expected signal strength modifier for the VBF production mode at mpy=
125.38 GeV is p = 1.007053 (stat) 7015 (syst), while the observed is p = 0.48T03% (stat) 015 (syst).

—0.10
CMS 137 b (13 TeV)
« Observed H—sZZ—4|
— 1 1o (stat @ syst) m,=125.38 GeV
It To (stat)
lVLttH,tH
lVLZH
MWH
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Figure 1.11: The signal strength modifiers for the different main production mechanisms of the Higgs boson,
compared to the SM prediction represented by a vertical dashed line. The red lines show the statistical
uncertainties corresponding to the 1o confidence intervals, while the black lines show the o confidence
intervals, including statistical and systematic sources. [37]

Subsequently, a great effort has been devoted to the analysis of the full CMS Run 2 dataset to
improve the measurements for the VBF Higgs production mode, which is the main topic of this
thesis. Several improvements were added to the different aspects of the analysis and new techniques

used, as will be discussed in detail in chapters 5, 6, 7, 8.
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Chapter 2

The CMS detector at LHC

The analysis performed in this thesis is done using proton-proton collision data collected by the
CMS detector during the LHC Run 2. This chapter provides an overview of the LHC accelerator
and the CMS detector. Section 2.1 includes the design, the parameters and the operations of the
different phases of the LHC. The CMS subdetector structure is discussed in Section 2.2, and the
CMS trigger system and the relative experimental challenges are covered in Section 2.3. Then the
algorithms used to reconstruct and identify the physics objects used in this analysis are described
in Section 2.4. Finally, the simulation of the interaction of the particles in the CMS detector,

introduced in Section 2.5.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest and most powerful particle accelerator ever con-
structed. It is located underground at an average depth of 100 m, straddling the border between
Switzerland and France, at the CERN laboratories [53]. The LHC was conceived to investigate
the nature of the SSB by pursuing the search for the Higgs boson and scan the entire accessible
space, searching for new phenomena. Furthermore, a physics program of heavy ions collisions is
also carried out, focusing on studying the collective behaviour of quarks and gluons in the form of

plasma.

LHC HL-LHC
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Figure 2.1: The baseline plan for the LHC and the HL-LHC for the next decade and beyond operation
showing the evolution of the beam energy and integrated luminosity. “EYETS” indicates an extended year-
end technical stop. After the long shutdown 3 (2025-2027), the LHC will be in the high-luminosity (HL-LHC)
configuration. [54]

The LHC collides the particle beams with high center-of-mass energy enough to produce new heavy
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particles and deliver several collisions that allow very rare processes to be observed. These require-
ments drive the machine design and the beam structure, which will be described in this section. Its
physics operations started in 2009 and will last until 2024 in the current configuration; then, the
machine will undergo a significant upgrade towards the High Luminosity LHC phase (HL-LHC).
The LHC timeline with the evolution of the beam energy and integrated luminosity is shown in
Fig. 2.1.

2.1.1 Particle accelerator complex at CERN

Before accessing the LHC, the proton beams are accelerated in a complex system of smaller ma-
chines; at each step of the acceleration chain, the beams are boosted to higher energy exploiting

the previous machine as an injector. The CERN accelerator complex is represented in Fig. 2.2.

At the beginning of the chain, protons are produced by ionizing hydrogen gas using a large electric
field; the electrons are torn off the hydrogen atoms yielding protons. Those protons are then
accelerated in the Linac 2 linear accelerator, which brings the proton beam to an energy of about 50
MeV. They are then injected into the first circular collider, the Proton Synchrotron Booster (PSB),
which accelerates the beam up 1.4 GeV and passes it to the Proton Synchrotron (PS) for three to
four cycles that bring the beam to about 25 GeV. Afterwards, the proton beam is injected into the
last pre-acceleration step before the LHC, the Super Proton Synchrotron (SPS), which accelerates
the protons to 450 GeV in about twelve cycles.

CMS
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Figure 2.2: Scheme of the CERN accelerator complex [55]

The beam is eventually split into two adjacent parallel beamlines and injected into the LHC tunnel.
They keep travelling in opposite directions before colliding in the designated interaction points

once they have reached the maximum energy. The design center-of-mass energy for proton-proton
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collisions is /s = 14 TeV; nevertheless, the target energy of the LHC acceleration stage changed

over the research phases, as detailed in Sec. 2.1.4.

LHC uses powerful superconducting magnets to bend particle motions effectively into a circular
trajectory and focus it on the four LHC collision points. The magnetic field of 1232 dipoles operating
at 8.33 T ensures the beams are kept on their circular path, while 392 quadrupole magnets keep
the particles confined in narrow beams. The magnets are retained in a superconducting state using
a cryogenic system that uses superfluid helium at 1.9 K temperature. Other multipole magnets
are used to guarantee that bunches persist focused even with the electromagnetic repulsion of the

charged particles within the beam.

2.1.2 Experiments

The beam crossing at the LHC occurs in multiple regions to collect data simultaneously in several
points. There are four main experiments, with detectors installed at the collision points, as indicated
in Fig. 2.2.

ATLAS [56] and CMS [57] are two general-purpose experiments with similar physics programs and
different designs in order to cross-check any possible discovery. Their detectors were optimally
designed to detect particles produced by Higgs boson decays, perform precision measurement of the
SM, and search for any indication for a new physics. Because their searches are focused on rare

processes, a large instantaneous luminosity is required at their collision points.

LHCb [58] is an experiment almost exclusively designed to study the heavy flavor quarks physics,
with the principal goal of searching for evidence of new physics in CP violation in electroweak

interactions.

ALICE [59] is a low luminosity experiment, collecting heavy-ion collisions data to study the quark-

gluon plasma physics and the sector of the strong interaction of the SM.

In addition, there are small experiments located near the main detectors with very functional
research: MoEDAL, TOTEM, LHCf, and FASER.

2.1.3 Parameters

For a specific physics process, the total number of instances where that process is reproduced
(“events”) Ney is derived from the luminosity delivered by the machine L, and the cross-section of

the physics process ¢ as:

Nevt = O'/Ldt (21)

where L is the instantaneous luminosity representing a measure of the number of collisions occurring
per second, and the integral goes over the activity time of the experiment. The luminosity is
considered a key parameter of a machine; the bigger it is, allows processes with low probability to
be produced. However, handling a large instantaneous luminosity is an experimental challenge for
the data-taking, as debated in Sec. 2.1.4.
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Assuming that the two beams are identical, have round transverse sections and are highly collimated,

L can be written as:

N2ny fracy
L=t """ F 2.2
4me, B* ’ (2.2)

where F' is a geometric factor accounting for the luminosity reduction factor due to the crossing

angle at the interaction point and is calculated as:

; 07 —1/2

cOz

1 o 2.
+ <20* ) ] ( 3)

Table. 2.1 summarises the LHC designed parameters and their meaning.

F:

The average number of simultaneous interactions that occur per bunch crossing, i.e. the pileup, is

given by

L - O.inel
<PU>=—1" (2.4)
ny - fLHC

where U;ZEZ is the inelastic pp cross-section. From eq. 2.4 the pileup can be kept under control by

managing the nominal number of bunches and the instantaneous luminosity. The average pileup in
nominal conditions is about 22. However, the nominal values were exceeded during ordinary 2017

operations, as discussed in Sec. 2.1.4.

Parameter Meaning Nominal value
Vs Center-of-mass energy 14 TeV

At Bunch separation 25 ns

g Number of bunches 2808

Ny Number of protons per bunches 1.15 x10
fruC Revolution frequency 11245 Hz
o* Transverse bunch r.m.s. at the interaction point | 16.7 pm
Oy Longitudinal bunch r.m.s. 7.55 cm
B* Beta function at the interaction point 0.55 m

0. Crossing angle at the interaction point 285 prad
€n Transverse emittance 3.75 pm

Table 2.1: Nominal LHC parameters in proton-proton collisions.

2.1.4 Operations

The first run of LHC started officially in November 2009 with collisions at a center-of-mass v/s = 0.9
TeV. In March 2010, the LHC began its research program with the first-ever collisions at /s = 7
TeV. Two eras of LHC physics operations are already concluded: the Run 1 and Run 2 phases. The
center-of-mass energy and the instantaneous luminosity have been increased over the years towards
the nominal performance level (see Fig. 2.1). The evolution of the instantaneous and integrated
luminosity recorded by CMS is summarised in Fig. 2.3; the average pileup distribution per year is

presented in Fig. 2.4.
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Figure 2.3: Peak instantaneous luminosity (top) and total integrated luminosity (bottom) recorded by the
CMS experiment during Run 1 and Run 2 for pp collisions. [60]

At the beginning of the Run 1 data-taking period, the proton beams were accelerated to 3.5 TeV
each to reach /s = 7 TeV collisions; by the end of 2011, a total integrated luminosity of 6.1 fb~*
was delivered. In 2012, the collisions took place at /s = 8 TeV, and a larger set of data about 23
fb~! was recorded. These operations lead to the observation of the Higgs bosons, announced by
ATLAS and CMS Collaborations in July 2012.

Run 1 was followed by the first Long Shutdown (LS1), which lasted about two years. During this
time, the consolidation work for the accelerator was performed to raise the beam’s energy to 6.5
TeV. In addition, the necessary detector upgrades have been done for the experiments to cope with

the increasing luminosity.

All along the Run 2, lasted from 2015 until 2018, the collisions took place at 13 TeV. The 2015
operations correspond to a phase of commissioning of the new energy configuration. In 2016, the
luminosity for proton-proton collisions increased up to 40% above the design value. In 2017 the
luminosity was increased more and reached twice the design value. At the end of 2018, Run 2
terminated, and both ATLAS and CMS were able to successfully record and reconstruct the vast
majority of the delivered luminosity around ~ 140 fb~! of data.

The LHC is currently in a phase of maintenance and upgrades (LS2) in preparation for Run 3 when
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2.2. The Compact Muon Solenoid Detector

the collisions take place at the designed value /s = 14 TeV; the expected integrated luminosity to
be delivered by the LHC during Run 3 amount to 300 fb.

Run 3 will conclude the LHC Phase 1 and then the LHC and the accelerator complex will undergo
a profound upgrade towards the High Luminosity LHC (HL-LHC) during the LS3, entering Phase
2. By the end of Phase 2 operations, the total integrated luminosity is expected to exceed 3000
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Figure 2.4: Distribution of the average pileup vertices for the different data-taking years recorded by the
CMS. [60]

2.2 The Compact Muon Solenoid Detector

The CMS experiment uses a multi-purpose detector designed aiming at the best resolution for
the reconstruction of the Higgs boson decay products. It comprises several subdetectors placed
concentrically around the interaction point, in a cylindrical configuration, covering most of the solid
angle around it; a schematic view for the CMS is shown in Fig. 2.5. The central part of the CMS
apparatus is called “barrel”, while the extremities covering the forward regions are called “endcaps”.
As its name points, the CMS detector is relatively compact, given its size and the amount of material
that it is made of: being 21.6 m long and has a diameter of 14.6 m, it is smaller than the ATLAS
detector by about a factor of two; nevertheless, it is almost twice as heavy, with a weight amount
to 12500 tonnes.

Each subdetector is designed to perform a specific task and is dedicated to identify and reconstruct
a particular type of particle coming out of the collision. The muon system is dedicated to identi-
fying muons and the precise measurement of their momenta. The electromagnetic calorimeter
(ECAL) measures the energy of particles that interact electromagnetically, primarily electrons
and photons, whereas the hadronic calorimeter (HCAL) is designed to detect charged and
uncharged hadrons; i.e., protons, neutrons, pions, and kaons. The tracker detects all the charged

particles, either isolated or in jets, with excellent spatial resolution. Neutrinos are detected as
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Figure 2.5: Schematic view of the CMS experiment and its subdetectors [57]

missing transverse energy. The different CMS subdetectors have been described in the following

sections, starting from the tracker, which is the closest to the interaction point, moving outwards.
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Figure 2.6: Illustration of the CMS coordinate system (left) and the relation between the pseudorapidity
1 and the polar angle 8 (right). [61]

To describe the positions and directions of reconstructed objects, the CMS uses a coordinate system
centered in the nominal interaction point. The x-axis points to the center of the LHC, the y-axis is
oriented upwards perpendicularly to the LHC plane, and the z-axis is perpendicular to the transverse
plane (x-y), parallel to the beam axis with a positive, counter-clockwise direction, as illustrated in
Fig. 2.6 (left). The azimuthal angle ¢ is measured from the positive x-direction in the plane (x-y),

and the polar angle # is measured from the positive z-direction.

Rather than using the polar angle 8 to indicate directions, the pseudorapidity relative to the z-axis
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2.2. The Compact Muon Solenoid Detector

is defined as: 9
n = —Intan 3 (2.5)

which varies from 0 for § = 7/2 and infinity for 6 = 0, as represented in Fig. 2.6 (right). The
detector regions with large 7 are referred to as the “forward regions”. Pseudorapidity differences are
invariant under Lorentz boosts along the z-axis. Thus, the spatial separation between two particles

is represented as:
AR = /(An)? + (Ag)? (2.6)

The solenoid magnet

The main feature of the CMS detector is the presence of the central superconducting solenoid
magnet, operating at a 4.5 K temperature, produces an axial and uniform magnetic field of 3.8
T along the z-axis. The solenoid constraints drive the whole CMS detector design; installing the
magnet outside the tracker’s volume and calorimeters minimizes the amount of material placed
in front of the calorimeters, facilitating the link between tracks and calorimeter clusters. The
density of the calorimeters material must then be very high to allow for the electromagnetic and
hadronic showers to be exhausted within the volume bounded by the solenoid. The track bending
guaranteed by the intense magnetic field is powerful enough to separate between the neutral and

charged particles.

2.2.1 The Tracking system

The CMS tracking system [62, 63| is the innermost detector, closer to the interaction point. It is ded-
icated to provide a precise and efficient measurement of positions and momenta of charged particles
produced from the collision, and consequently for primary and secondary vertex reconstructions. It

is immersed in a magnetic field of 3.8 T provided by the CMS solenoid.

The tracker needs some specific requirements in order to achieve the best performance: It has to be
light to avoid altering charged particles’ trajectories; fast enough to take data every 25 ns (40 MHz);
large hit redundancy to perform good pattern recognition; provide the best possible resolution, good

radiation hardness, high granularity is also necessary due to the high particle multiplicity.

The silicon technology has been chosen to build the entire tracker to satisfy the mentioned require-
ments: a silicon pixel detector is used in the inner part, most near the interaction point, and silicon
microstrip detectors are installed in the outer region. The total length of the tracker is 5.8 m, its

diameter is 2.5 m. The layout of the original CMS tracker is presented in Fig. 2.7.

In March 2017, the original pixel detector, shown in Fig. 2.7, was replaced with a new device, the
“phase-1" pixel detector [64], equipped with one additional barrel layer and one additional forward
disk per side that features full 4-hit coverage in the tracking volume. This upgraded design places
the innermost barrel layer closer to the interaction point, 2.9 cm instead of 4.4 cm. The main
motivation was to address the dynamic inefficiency driven by the internal readout chip buffers at

high instantaneous luminosity and trigger rates. A comparison between the geometry of the old
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Figure 2.7: Schematic view of the CMS original tracker layout in the r-z plane. [63]

and new pixel detectors is shown in Fig. 2.8. The pixel size is unchanged: 100 x 150 gm?. The hit
position resolution in the pixel tracker is around 10 um in the transverse coordinate and 20 — 40 um
in the longitudinal coordinate. The current pixel detector is planned to be used through the LHC

Run 3 with the original outer tracker.
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Figure 2.8: Transverse-oblique view comparing the pixel barrel layers of the initial and upgraded CMS
pixel detectors (left). Conceptual layout comparing the layers and disks in the two detectors (right). [65]

Surrounding the pixel detector is the strip tracker, it consists of four subsystems: tracker inner
barrel (TIB) and tracker outer barrel (TOB) with cylindrical shape placed in the barrel region,
and tracker inner disk (TID) and tracker endcap (TEC) installed in the two endcap regions. The
location and number of layers for each subsystem are summarized in Table 2.2. The single hit
resolution in TIB (TOB) is about 13 — 38 um(18 — 47 um).

Subsystem Layers Location
TIB 4 cylindrical | 20 < r < 55 cm
TOB 6 cylindrical | 55 < r < 116 cm
TID 3 disks 58 < r <124 cm
TEC 9 disks 124 < r < 282 cm

Table 2.2: The number of layers and the position information for the four components of the strip tracker.

The four regions are provided with both single-sided and double-sided microstrip modules. The
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double-sided modules are rotated with respect to the strip direction by a “stereo” angle of 100 urad.
They can therefore provide 3D measurements, though with ~ 10 times lower resolution along the
strips. The strips are oriented along the z-axis and the r-coordinate in the barrel and endcap regions,
respectively. The microstrip detector design spatial resolution is about 20 — 50 um in the transverse
direction and 200—500 um along the strips for “stereo” hits. The performance of the tracking system

will be discussed in detail in chapter 3.

2.2.2 The Calorimeters

The calorimeters are located outside the tracker and inside the solenoid magnet. They are designed
to measure the energy of both electromagnetic and hadronic showers. Unlike the tracking system,
they are required to completely absorb the particles in the shower for optimal energy measurements:
it measures the energy lost by incident particles due to interactions with the detector material, which
helps in identifying the incident particle based on the depth of penetration into the calorimeters

and the profile of the energy lost.

2.2.2.1 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) [66] is a hermetic and homogeneous array of lead tungstate
(PbWO4) scintillating crystals, whose purpose is to measure the energy of the electromagnetic show-
ers: electrons, photons, and neutral pions precisely. Lead tungstate crystals have high density (8.28
g/cm?), short radiation length (Xo = 0.89 cm), small Moliére radius (RM = 2.2 cm), fast scintil-
lation decay time and high radiation tolerance. These make them a suitable choice for a compact
ECAL with fine granularity. Due to different magnetic fields and radiation levels, silicon avalanche
photodiodes and vacuum phototriodes are chosen as photodetectors in the barrel and endcap regions,

respectively.

The ECAL consists of several subsystems: the ECAL barrel (EB), the ECAL endcap (EE) at the
two sides, and a sampling ECAL preshower detector (ES) in front of EE with high granularity for
discriminating neutral pions from prompt photons. The layout of the ECAL is shown in Fig. 2.9.

The EB extends within the region |n| < 1.479 and is instrumented with about 61200 trapezoidal.
The two EE disks have coverage of 1.479 < |n| < 3.0 and contain 7324 crystals each. In both the
barrel and the endcaps, crystals are oriented with their axes tilted up to 3° with respect to the
direction that points to the nominal IP to avoid acceptance gaps between them. A summary of
ECAL parameters is provided in Table 2.3. A more delicate electromagnetic pre-shower detector
(ES) is installed in front of the two endcaps; it improves spatial resolution in the region 1.65 < |n| <
2.6. It is a sampling calorimeter with two layers of lead absorber followed by 22 mm long silicon

strips to measure the shower’s energy deposit and transverse profile.
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Figure 2.9: Layout of the CMS ECAL. [67]

Parameter Barrel Endcap
Pseudorapidity coverage In| < 1.479 1.479 < |n| < 3.0
ECAL envelop: Tinner, Fouter[mm] | 1238, 1750 316, 1711
ECAL envelop: zinner, Zouter[mm] | 0, £3045 43170, 3900
Granularity: An x A¢ 0.0174 x 0.0174 0.02 x 0.02 to 0.05 x 0.05
Crystal dimension [mm3] 21.8 x 21.8 x 230 | 28.6 x 28.6 x 220
Depth in Xy 25.8 24.7
No. of crystals: 61200 14648

Table 2.3: Summary of ECAL parameters.

The ECAL energy resolution can be affected by several sources, parametrized as:

oE a o b o
- = - Is
E E ~ \VE

where a is the noise term related to the electronics and pileup, b is the stochastic term that considers

(2.7)

mainly the fluctuations in the photon conversions, and c is a constant term that accounts for the
energy scale calibration.

A typical measured PbWO4 crystal energy resolution is of the order of

op _ 012 28%
E  E/GeV ~ \/E/GeV

The expected performance have been almost matched during the data taking. A resolution of 1 %

@ 0.3% (2.8)

has been achieved for electrons with energy greater than 15 GeV.
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2.2.2.2 Hadronic Calorimeter

The hadronic calorimeter (HCAL) [68] measures the energy of the hadrons, which interact mainly
via the strong force. These typically traverse the ECAL volume, where they only deposit 30% of
their energy and then stopped in the dense material of the HCAL, which absorbs and measures
the remaining energy. The HCAL is the only CMS component capable of measuring the energy of
neutral hadrons, and With a hermetic structure, it plays a vital role in reconstructing and measuring

the energy of neutrinos and angular coverage in the forward region for the forward jets.

The HCAL consists of four subsystems: the barrel HCAL (HB) surrounds the ECAL and covers
the central pseudorapidity region up to |n| = 1.3; the two endcap HCAL (HE) cover up to |n| = 3.
The HCAL forward (HF) extends the coverage up to |n| = 5 in the forward region. An array of
scintillators, the outer HCAL (HO), is located outside the magnet, uses the magnet material as an
absorber to catch the tails of the hadronic shower, and avoids the misidentification of muons. A
layout of the HCAL with these different subsystems is shown in Fig. 2.10.
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Figure 2.10: A schematic view for one-quarter of the HCAL, displaying the positions of its four main parts:
the hadron barrel (HB), the hadron endcap (HE), the hadron outer (HO), and the hadron forward (HF)
calorimeters. [69]

As the nuclear interaction length is much larger than the electromagnetic radiation length, the
HCAL is more massive than the ECAL. The volume constraints of the magnet significantly limited
the size of the HCAL; the relative size of the material ingredients was optimized for maximal shower
containment. The HCAL is a sampling calorimeter consisting of alternate layers of brass absorbers
and plastic fluorescent scintillators. The presence of brass as an absorber guarantees the containment
of the hadronic shower, with a thickness of at least six interaction lengths. Steel interlayered with
a quartz-fiber Cherenkov calorimeter is used alternatively in the forward region. The HO detectors

have no dedicated absorbers, but the shower is induced by the magnet and return yoke material.
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The combined energy resolution of ECAL + HCAL has been measured to be [70]

OF 84.7%
— = 7.4 2.9
5 = © 7.4% (2.9)

The HCAL photodetectors, readout system, and electronics were upgraded at the end of 2017 [71].
The HF detector initially used photomultiplier tubes to collect the Cherenkov light, which is now

replaced by multi-anode tubes to reduce the rate of anomalous signals; With introducing precision
timing measurements and longitudinal depth segmentation, the pattern recognition capabilities in

the HCAL were improved, granting an additional handle for background rejection.

2.2.3 The Muon System

As the name and the logo of CMS reflect, the precise measurement of the muons momenta is a core
specification of the CMS design. Muons are produced in many physics processes, and their clean
and distinctive signature makes them a suitable tag for trigger decisions. Unlike electrons, photons,
or hadrons, muons are less subject to radiative effects and can cross through the detector mostly
unaffected. For this reason, the muon detector system [72| was installed in the outermost part of
the CMS detector, outside the magnet volume. Three steel layers are present both in the barrel

and in the endcap regions, alternated with four layers of muon chambers, as shown in Fig. 2.11.

The muon system provides information to identify muons and to measure the charge and momentum
of high-pr muons. Additionally, two tasks are achieved by the muon system due to its good time
resolution: muon-triggering and bunch crossing identification. The muon chambers are instrumented
with three different kinds of gaseous detector technologies; they are positioned throughout the muon
system depending on the expected background rates and the uniformity of the magnetic field. They
are arranged to provide broad coverage with spatial overlap to maximize reconstruction efficiency:
drift tube (DT) chambers and cathode strip chambers (CSC) detect muons in the regions
In|] < 1.2 and 0.9 < |n| < 2.4, respectively and they are supplemented by a system of resistive
plate chambers (RPC) covering the range |n| < 1.6.

The barrel region is characterized by a relatively low particle rate and a uniform magnetic field;
accordingly, the DT chambers with long aluminum drift cells are used. The basic constituent of the
DT detector is a rectangular cell of size 1.3 x 4.2 cm? and length 2.4 m, filled with a mixture of Ar
(85%) and CO4 (15%). Placing the electrodes on the top and bottom of the cell ensures a constant
field and a uniform drift velocity of about 55 um/s, whereas the cathodes are placed on the sides.
The position of the muon traverses the gas is determined by measuring the drift time to the anode
wire of the cell. There are 250 DT chambers in total, with each providing a spatial resolution of

about 100 pym in 7 — ¢ and 150 pm in the z-direction.

The endcap regions are equipped with CSCs, where the background rates are higher than in the
barrel, and the magnetic field is non-uniform. Each endcap has 4 stations of chambers perpendicular
to the beam. A CSCs consists of 6 layers of anode wires and cathode strips, filled with a mixture
of Ar (45%), CO2 (50%), and CF4 (10%), each measuring the muon position in 2 coordinates. The
gas is ionized as the muon passes through the chamber, and the induced signals are combined to

provide a precise measurement of the muon position. Cathode strips are positioned radially and
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Figure 2.11: An r-z Schematic view of the CMS Muon detector, including the subsystems: DTs, CSCs,
and RPCs. [73]

provide a precision measurement in the r X ¢ plane. Anode wires provide a measurement in the
radial direction. The CSC stations have r x ¢ resolution of about 75-150 um and a z resolution of
about 200 pm.

Moreover, RPCs are installed in both the barrel and the endcap regions. The RPCs are double-gap
chambers operated as gaseous detectors in avalanche mode. They are formed of resistive 2 mm thick
layers interlaid with a mixture of gas (95.2% of CoHaFy, 4.5% of iC4Hjp, and 0.3% of SFg). The
detector is operated in avalanche mode: when traversed by a muon, an electron cascade is triggered
by the high electric field inside the volume and is read out using strips oriented along z in the barrel
and r in the endcap regions. Although the spatial resolution is coarser with a strip pitch of ~ 1 cm
and no segmentation in the orthogonal direction, these detectors are faster than the DTs and CSCs,
with a perfect time resolution better than 3 ns, thus ensuring a robust bunch crossing identification

and efficient triggering.

Supplementary detector chambers were introduced in the endcap region 1.6 < |n| < 2.4 at the end
of 2017 to increase the muon system’s redundancy in these regions. The technology used is the gas
electron multiplier (GEM) [74], which can accomplish the same physics goals of the RPCs in a high
radiation environment. The upgrade involved the pre-installation of 10 prototype chambers; the
complete installation of the 144 detectors is ongoing during LS2 [75]. Furthermore, The readout
electronics of the muon chambers were also improved as part of the CMS trigger upgrade between
Run 1 and Run 2.

2.3 The CMS trigger system

The average bunch crossing rate at the core of CMS (40 MHz) and the pileup make it impossible
to read out and store such vast amounts of data provided by the detector. Most of the collisions

result in low-energy pp interactions, which are not interesting for the physics program of CMS.
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Therefore a trigger system is essential for a high-luminosity experiment such as CMS to probe
the most interesting processes. The total proton-proton cross-section is more than six orders of
magnitude larger than the cross-section of interesting processes. Therefore, the data needs to be
reduced and selected through a trigger system, whose crucial aspect is a fast and efficient real-time
selection to events that exhibit a potential physics interest while reducing the acquisition rate by a
factor 10°. The system must be adaptable to accommodate the different data conditions and robust

against the LHC’s high instantaneous luminosity and pileup conditions.

The trigger selection is performed based on the kinematic properties of the produced particles. It is
implemented in two consecutive steps with an increasing rate reduction. The first selection is made
by the Level-1 (L1) trigger [76], encoded in custom hardware processors that select up to 100 kHz of
the most interesting events with an available processing time of 3.8 us. Following this process, the
High-Level Trigger (HLT) |77] elaborates a more detailed inspection of the events on a commodity
computing processor farm, reducing the rate to 1 kHz in ~ 200 ms. More details about the trigger

system are provided in the following.

2.3.1 The Level-1 Trigger

The input of the Level-1 trigger is the raw data from the calorimeters and the muon system. It has
only 3.8 us to make a decision, and hence the full reconstruction of the physics objects cannot be
applied at this stage. The L1 trigger reduces the event rate from an input of 40 MHz to an output
of about 100 kHz through. Each processing element sends its results to the next element at every
bunch crossing and receives a new event to analyze. The detectors must be able to resolve in time
two events, and all the signals from a single event must be synchronized. During this process, the
whole detector data are stored in pipeline memories with limited size (~ 160 bunch crossings, or ~

4 ps latency).

The original L1 trigger system was developed to handle the designed LHC operations; given the
instantaneous luminosities predicted for Run 2, the L1 trigger could not guarantee an adequate
physics performance. A major upgrade of the L1 trigger |79, 80| was installed and commissioned
between Run 1 and Run 2. To maintain the same sensitivity of Run 1 at the electroweak scale,
the electronic boards were replaced by advanced mezzanine cards (AMC) equipped with powerful
field-programmable gate arrays (FPGA). The new design allows for more flexibility and is more
suitable to trigger complex objects. The communication among subsystems is based on MicroTCA
(uTCA) technology to benefit from additional flexibility and higher bandwidth. Transferring data
between the modules and the central CMS data acquisition system is performed using multi-Gb /s

serial optical links to allow a faster global readout.

The schematic of the upgraded L1 trigger system for Run 2 is described in Fig. 2.12. The calorimeter
trigger collects the energy deposits in the HCAL and ECAL subdetectors, while the information
of the hits in the DT, RPC, and CSC subdetectors is processed in the muon trigger. In the
calorimeter trigger, these objects can be electrons, photons, jets, hadronic 7, or missing transverse
energy. Similarly, the hits in the muon subdetectors are used to reconstruct the muon tracks. The

output of the two subsystems is received by the micro global trigger (uGT), which combines the
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Figure 2.12: Architecture of the CMS L1 trigger system. [78]

information to make an event accept or reject decision. This selection is made on a kinematic basis:

according to the candidate’s energy, position, and quality criteria.

2.3.2 The High Level Trigger

The HLT further reduces the event rate of the Level-1 trigger from ~100 kHz to ~1 kHz, a band-
width compatible with the data acquisition capability. The HLT is implemented by a software
computing farm instrumented with more than 30000 CPUs. It takes the full detector readout as
input, including tracking information, and carries out a more sophisticated reconstruction than the
L1 trigger. The most stringent constraint on the HLT is the latency since the limited number of
CPUs requires a maximum processing time of ~320 ms per event. Hence, the HLT runs an online
object reconstruction similar to those used for offline reconstruction, based on simplified clustering

and tracking algorithms.

Reconstructed physics objects, such as leptons, photons, jets, etc., are used in the HLT. A sequence
of reconstruction algorithms and selection filters for one or more physics objects is called the HLT
paths. The path is characterized by the Level-1 “seed”, i.e., the requirements passed by the event
at Level-1, and the HLT requirements. An “HLT Menu” represents the set of trigger paths that,
if enabled, contribute to the final decision that determines whether to reject or store an event. A
single trigger path can require the presence of one or more physics objects of a particular type
passing specific kinematic thresholds. The HLT was constantly updated to cope with the ever-
changing LHC and detector operation conditions. The event rate of each trigger path should be
maintained within the allowed limits given the expected instantaneous luminosity. Trigger paths

with low thresholds can be kept in the HLT Menu with a “prescale” factor applied.
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2.4 Physics Objects reconstruction

Each particle coming from the pp collisions at the CMS leaves a distinct signature in the subde-
tectors, described in Fig. 2.13. Muons lose a small fraction of energy in the innermost part of the
detector, and they are detected in the tracker and the muon chambers. Both electrons and photons
are absorbed within the ECAL, but only the former trajectory appears in the tracker. Hadrons
traverse the ECAL, losing a small fraction of its energy and depositing most of its energy in the
HCAL. The trajectory of their charged components is detected in the tracker. Neutrinos escape
CMS undetected; their presence is nonetheless confirmed through the event’s energy imbalance in
the transverse plane. The raw information from the subdetector systems is combined to recon-
struct and identify the relevant physics objects used in this analysis with maximal efficiency; the

algorithms used for this purpose are briefly described in this section.
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Figure 2.13: Transverse slice of the CMS detector, showing the experimental signature of the different
final-state particles. [81]

2.4.1 Particle Flow basic elements

CMS uses the particle flow algorithm [81] to correlate all single detector measurements, identify
the final state particles and measure their properties. The algorithm starts with the low-level
information (hits in the silicon tracker and energy deposits in the calorimeters) to build basic

elements (tracks and clusters) used as inputs to reconstruct the physics objects.

e The tracks of charged particles are reconstructed from the hits in the silicon tracker layers
based on the combinatorial Kalman filter (CKF) [82] technique. The reconstruction follows an
iterative approach to achieve high efficiency and a lower fake rate. The first set of iterations
looks for isolated tracks that are easier to find, such as prompt tracks with relatively high pr.
Hits associated with reconstructed tracks are not considered at later stages. This procedure

reduces the combinatorial complexity so that the more difficult kinematic regions tracks can
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be reconstructed. Typically, the track reconstruction process undergoes several iteration steps

(12 iterations), enabling the algorithm to reconstruct tracks up to 0.1 GeV.

e The clusters are formed from the energy deposits in the calorimeters. In order to to achieve
high efficiency even at low pr and to disentangle overlapping showers, the algorithm runs
separately in the preshower, the ECAL, and the HCAL subdetectors. It is based on an
iterative clustering technique that follows the typical lateral shower profile. The clustering
process starts with defining a cluster seed, a calorimeter cell with an energy deposit higher than
the threshold and higher than the energy deposit of neighbouring cells. Then the neighbouring
cells are added to the cluster until reaching a cell without any signal or have energy deposits
lower than the threshold “noise level”. In practice, less than five iterations are needed for the

algorithm to converge.

Tracks and clusters are associated together to form PF blocks, used as inputs to reconstruct the
individual physics objects. The muon reconstruction is done first by linking the PF tracks to the
tracks in the muon chambers. Then, electrons are built by combining tracks to clusters with a
dedicated procedure that considers the effects of bremsstrahlung radiation. The remaining clusters
with no assigned track are identified as photons or neutral hadrons; the former is associated with
electromagnetic deposits, and the latter with hadronic deposits. The rest of the clusters associated
with a track are identified as charged hadrons. The objects reconstructed (electrons, muons, pho-
tons, charged hadrons and neutral hadrons) are combined to build more complex ones, such as jets
and hadronically decaying 7 leptons, as well as to estimate the missing transverse energy of the

event, which indicates the presence of neutrinos.

2.4.2 Muons

Muons have very clean signatures in the muon chambers and high identification efficiency; hence
they are the first particles identified in CMS. The muon tracks are reconstructed independently in
the silicon tracker and the muon chambers [73|. The reconstruction of the former follows the PF
procedure mentioned above and is referred to as “tracker tracks”. The latter is PF-independent
and relies totally on the information from the muon systems indicated as ‘“standalone-muon
tracks”. In this case, the hits’ positions within the DT, CSC and RPC detectors are associated
and fitted to form track segments, which give an initial estimation of the muon’s direction and

momentum and then the track segments are linked to reconstruct the muon track.

Muon tracks are reconstructed with an iterative approach, running a sequence of specific tracking
algorithms using inputs: the tracker tracks and muon track segments using a Kalman filter (KF)
technique [82]. The global muon reconstruction in CMS proceeds by either matching tracker muons

to standalone-muons (inside-out) or inversely (outside-in), as follows:

e Tracker muon tracks, built inside-out by matching tracker tracks with ppy > 0.5 GeV and
total momentum p > 2.5 GeV to the muon system, where at least one muon segment present

at a compatible position is required.
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e Global muon tracks, built outside-in by matching standalone-muon tracks to tracker tracks
after checking the compatibility of their parameters; the global fit is done on both tracks to-
gether. Due to the large size of the muon chambers, the combined fit improves the momentum

resolution compared to the tracker-only fit for muons of pr > 200 GeV.

The reconstructed muons undergo a set of identification criteria based on the quality of the tracks;
these concern observables such as the track fit y2, the number of hits per track or the degree
of matching between the tracker and standalone tracks. Different requirements result in different
muon identification working points; three types of muon identification are defined based on effi-
ciency and fake rate (rate of particles misidentified as muon): Loose, Medium and Tight muon

identification correspond respectively to efficiencies of ~ 99.7, 98.5, and 97% in data.

The information of the muon subdetectors is further analyzed to compute the isolation of the muon
candidate, which assists in distinguishing between prompt muons and those originating from weak
decays within jets. The PF relative isolation is defined as the ratio between the sum of all PF
candidates’ pp within a cone size R < 0.4 around the muon and the pr of the muon itself. Loosen

the cutoffs to this value give six tight muon isolation working points.

In consequence of the muon system’s upgrade and the algorithms’ improvements (see Sections 2.2.1, 2.2.3),
the muon reconstruction performance in Run 2 was comparable to Run 1, notwithstanding the in-
creased instantaneous luminosity and pileup. The reconstructed hits’ spatial resolution lay between
50 and 300 pm, leading to a muon selection efficiency above 96% [83]. Thanks to the strong CMS
magnetic field and the excellent resolution of the muon system, the CMS detector is ideally suited
to reconstruct dimuon candidates in a mass ranging up to 150 GeV, which was instrumental in the

Higgs boson discovery.
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Figure 2.14: Muon transverse momentum resolution as a function of the pr in the barrel, transition, and
endcap regions for isolated muons. For each bin in pr, the solid (open) marks correspond to the half-width
for 68% (90%) intervals of the residuals distribution. [63]
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The resolution of the transverse momentum of the muons is affected by two main sources of un-
certainty: the first is the multiple scattering of the muons at the detector, and the second is the
non-infinite precision of the hit positions. The effects of multiple scattering depend on the mate-
rial budget of the detector; thus, the associated uncertainty depends on the pseudorapidity. The
introduced deflection angle is proportional to 1/pr; therefore, the corresponding uncertainty is pro-
portional to pr. The error on the hit position introduces uncertainty proportional to pzT. The
multiple scattering effects are the major source of uncertainty in measuring the transverse momen-
tum for muons with pr < 30 GeV, while the second effect is dominant for high-energy muons.
The uncertainty of the transverse momentum is estimated in simulated events by calculating the
residuals, which are defined as the differences between the generated and reconstructed tracks pr.
Fig. 2.14 shows the resolution of the transverse momentum uncertainty as a function of pr of the
muon. The half-widths of the residual distribution are computed for each bin, containing 68% and
90% of the events.

2.4.3 Electrons

The second particle to be reconstructed at CMS, after muons, is the electron. Electrons lose a
significant fraction of their energy in the tracker, foremost due to the non-Gaussian phenomenon
of bremsstrahlung. At n ~ 0, an electron loses an avarage of 33% of its energy and up to ~86%
at n = 1.4, where the highest material budget. Therefore their reconstruction is more complicated:
the tracker algorithm must consider the energy loss, and the clustering algorithm must accumulate
the bremsstrahlung photon energy, which can be positioned far away from the electron interaction
point in the ECAL. The electron reconstruction overcomes these challenges with a dedicated tracking

algorithm and an advanced energy clustering procedure.

The electron tracks in CMS are reconstructed as part of the PF reconstruction by matching tracker
tracks with ECAL clusters to recover bremsstrahlung photons and potential photon conversions.
The electron charge measurement is affected by bremsstrahlung, mainly when the bremsstrahlung
photons convert upstream in the detector. The methods used widely to estimate the charge are
the curvature of the electron track fitted with the Gaussian-Sum Filter (GSF) [84, 85| algorithm,
the curvature of the KF track matched to the electron, and the different position of the ECAL
cluster or supercluster with respect to the first hit of the GSF track. Then, the charge is chosen as
the one given by at least two of these three measures. The charge misidentification probability of
this algorithm is predicted by the simulation using electrons coming from Z boson decays without

additional purity selections to be 1.5%.

The electron momentum is measured using both the ECAL calibrated energy and the momentum
of the GSF track, which are combined using a multivariate regression aiming at the relative weight
of the tracker and ECAL measurements. The resolution is optimal at the barrel region where low
bremsstrahlung electrons (2%) while it ranges from 5-10% for showering endcap electrons of pr up
to 100 GeV, as shown in figure 2.15.

The identification of isolated electrons aims to separate them from jets misidentified as electrons
and photon conversions. Multivariate classifiers performed via Boosted Decision Trees (BDT) are

primarily used for this purpose. The variables used in the BDT training are observables that compare
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Figure 2.15: Resolution in electron momentum for the combined ECAL energy and track momentum,
compared with the ECAL energy only, as a function of the generated electron pr. Electrons in the barrel
with the best resolution (Golden electrons) are shown in blue, and showering electrons in the endcaps with
the worst resolution are shown in red. [85]

measurements obtained from the ECAL and the tracker, tracking only observables, and calorimetric
only observables. Calorimetric observables profit from the transverse shape of the ECAL deposits,
the energy in HCAL and the preshower to help reject jets with large electromagnetic components.
Tracking observables enhance the separation between electrons and charged hadrons; they are based
on the GSF and the KF tracks. Moreover, the isolation, which uses PF candidates for offline analysis,

the hit pattern and impact parameters work as a discriminator against converted photons.

2.4.4 Photons

Most photons traverse the tracker without interacting and then deposit most of their energy (~
97%) in the ECAL, where the shower can expand into various neighbouring crystals. Therefore,
the photon reconstruction [86] is seeded from ECAL superclusters with Ep > 10 GeV, unrelated
to any GSF track. These superclusters must be isolated from other ECAL clusters and the ex-
trapolated tracks from the tracker, and the distribution of their energy deposit must be compatible
with a photon shower. Sometimes, photons interact with the tracker material and convert into
electron-positron pairs before penetrating the ECAL. Converted photons are distinguished because
the electron-positron pair leave bent trajectories in the tracking system, with approximately iden-
tical momentum due to the photon being massless. The corresponding tracks can be seeded by
displaced secondary vertices and extrapolated outward or by ECAL superclusters and extrapolated
inwards. The standard energy resolution for unconverted (converted) photons with py > 25 GeV
in the barrel is ~ 1% (1.3 - 2.5%) and 2.5% (3%) in the endcap regions [86]. The high precision
of the photon energy reconstruction enhances the selectivity of the H — ~~ decay, one of the key

channels for the precise measurements of the Higgs boson properties.

Neutral mesons decaying to photons are considered the essential source of photon misidentification.

Photons originating from mesons are typically collimated, usually reconstructed as a single one.

37



2.4. Physics Objects reconstruction

Reducing the contribution of this background depends profoundly on the isolation of the photon
candidate, which is defined by using a cut-based approach on a set of discriminating variables
or by applying multivariate techniques, in both cases using observables similar to the electron
identification BDT.

2.4.5 Jets

Quarks and gluons originating from the hard interactions go through the hadronization process in
the detector and produce several collimated particles grouped in cone-shaped jets. The momenta
of the jets are estimated from the collected hadronic products, which can be charged or neutral.
These hadrons are reconstructed with the remaining PF elements after reconstructing the electrons,
muons and photons. Jets typically deposit energy in the ECAL and the HCAL; hence the clusters
of both calorimeters are combined first. If the HCAL cluster is reconstructed within the tracker
acceptance and is not linked to any other track and no ECAL cluster is found, it is identified as a
neutral hadron. The remaining HCAL clusters are combined to one or several tracks, which may

also be linked to ECAL clusters; they are reconstructed as charged hadrons.
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Figure 2.16: Jet energy response (left) represents the mean ratio between the reconstructed jet and the
reference jet energy. Jet energy resolution (right) represents the ratio between the Gaussian width of the
corrected and reference jet energies as a function of the reference jet pr. Results are shown for jets in the
barrel reconstructed with the anti-kp algorithm with AR = 0.4 following the PF and calorimeter-based
approaches. [81]

The reconstruction of Jets is done by clustering charged and neutral hadrons with the anti-kp
algorithm [87]. The clustering is performed recursively by matching the PF candidates, which are
close to each other, according to a metric that produces jets of conic shape. The size of the cone
is calculated by the distance parameter that can be set to 0.4 or 0.8. In both cases, the pairs
with the highest pr are clustered first; this way, the cone is built around the hardest particle of
the event, which suppresses soft radiation and collinear parton splitting at the borders. The jet
four-momentum is estimated as the vector sum of the clustered PF candidates four momenta; it

differs from the original parton due to theoretical uncertainties on the hadronization process and
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other experimental effects.

A set of jet energy corrections (JEC) is applied as a function of (pr, ) to calibrate the jet response
taking into account the following: pileup, detector noise, the response, non-linearity and inhomo-
geneity of the calorimeters. The typical reconstructed jet energy has a response of ~ 0.9 and a
resolution lower than 15% for all py ranges, as shown in Fig. 2.16, where the improvement of the
PF approach is noticeable with respect to calorimeter-based reconstruction. The jets are further
subject to identification requirements due to instrumental noise in the calorimeters and suppress
those poorly reconstructed. Two different levels of selection are defined (loose, tight) based on the
fraction of charged and neutral hadrons in the jet, the fraction of energy deposited in the ECAL,
and the charged hadron multiplicity.

2.4.5.1 Quark-gluon Jet Discrimination

Quark and the gluon-induced jets can be distinguished in CMS with the Quark-Gluon Likelihood [88]
algorithm; it exploits the fact that gluon-induced jets are wider with higher multiplicities and contain
a more uniform energy fragmentation. In contrast, quark jets are more likely to produce narrow
jets with hard constituents that carry a significant fraction of the energy. These differences can be
used to build a probability tagger that discriminates jets initiated by quarks from those initiated
by gluons.

The quark-gluon likelihood discriminant is constructed out of three variables, each accessing the

particle flow composition of the jet:

e The multiplicity:
The jet constituents multiplicity represents the total number of particle flow candidates re-
constructed within the jet. The quark-jets tend to have a smaller number of constituents with
respect to gluon-jets. This variable is particularly discriminating for high pp jets where the

average quark-to-gluon multiplicity ratio would converge to 4/9 [89].

e The jet energy sharing variable:
Quarks fragmentation produces hard constituents that carry a significant fraction of the jet

energy. The jet fragmentation distribution is defined by
V2P (2.10)
> i PTi .

which has prD — 1 for jets made of only one particle that carries all of its momentum and

prD =

prD — 0 for a jet made of an infinite number of particles.

e The angular spread
The angular spread of jets is measured by a minor axis oo of the jet in the i - ¢ plane. The
pr-weighted shape of the jet in the 1 - ¢ plane is approximated by an ellipse. The ellipse is
identified by the minor and a major axis length and orientation. The minor axis length is
used to calculate the quark-gluon likelihood, and it is particularly beneficial for low pr jets.

In order to find the minor axis length, the pp-weighted axis of the jet is estimated, and the
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2x2 matrix M is constructed as:

My =Y prAn (2.11)
i
Mz = ZPQT,ZA@Z (2.12)
i
M12 = M12 = ZP%MA@AU@ (213)
i

where the sum is performed all over the constituents, pr; is the transverse momentum. An;
and A¢; are the pseudorapidity and azimuthal distance between the constituent and the jet

axis.

Let A1 and A9 be the major and the minor eigenvalues of the matrix M, the pp-weighted minor

axis length is

(2.14)
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Figure 2.17: The quark-gluon likelihood input variables distribution in Z+jets events for jets with 80 <
pr < 100 GeV and |n| < 2. The jet constituents multiplicity (left), The jet energy sharing (middle), and the
angular spread (right). [90]

Fig. 2.17 shows the distributions of the three described variables in Z+jets events for jets with 80
< pr < 100 GeV and || < 2.

The set of variables used in the discriminator have been chosen by studying their discrimination
performance on the simulation. Their discrimination power is compared with receiver operating
characteristic (ROC) curves. These curves show the efficiency of selecting a quark jet for a selection
cut on the variable that rejects a given fraction of gluon jets. In addition to the ROC curves, correla-
tions are studied to obtain the minimal set of uncorrelated variables with the highest discrimination
power. A better discrimination power and stability to pileup effects are found by restricting the
charged particle flow candidates to those linked to tracks compatible with the primary interaction

vertex and restricting the neutral particle flow candidates to those which have pr > 1 GeV.

The quark-gluon likelihood has been validated using the Z-jet sample as enriched quark events and

dijet sample, which are gluon enriched. In addition, data-driven scale factors have been computed
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Figure 2.18: The quark-gluon likelihood discriminant for jets with 80 < pr < 100 GeV and |n| < 2 in
Z+jets (left) and dijet (right) events. [90]

and fitted with polynomial functions to be applied separately for quarks and gluon jets in MC
events. Fig. 2.18 shows the quark-gluon likelihood output distribution in data and MC for the two
enriched samples. The MC events include the polynomial corrections, while uncorrected events have

been used to estimate the systematic uncertainty.

2.5 Simulation

The simulation is an essential aspect of high-energy physics experiments. It provides approaches to
predict distributions based on theoretical assumptions; these distributions can be directly compared
with the output of real-world experiments, such as CMS. This section gives a short description of

the simulation techniques used in the analysis documented in this thesis.

2.5.1 Event generators

Proton-proton collisions are very complex and challenging to model accurately. Different techniques
are used to describe the QCD processes, whose phenomenology varies significantly at different energy
scales. Protons are composed of 3 quarks (valence quarks), virtual gluons, and virtual quark anti-

quark pairs coming from gluon splitting. All constituents of hadrons are called partons.

During high energy collisions, the hard scattering is described at the level of parton interactions. The
hadronic cross-section oy, is calculated based on the QCD factorization theorem. The factorization
theorem states that the hadronic cross-section oy, is a convolution of the partonic cross-section ; ;
with the parton distribution functions (PDFs) f;(x):

1
Tpp = Zfi(xl)fj(@)&i,j(xlpla$2p2)d$1d$2 (2.15)

Tmin i,j

where function f;(x) is probability density that a parton of type i has a fraction x of the hadron

energy.
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In addition to the hard interaction, the other proton constituents can also interact, resulting in
a spray of softer particles, called the underlying event. Additional hard QCD radiation will be
emitted from the high momentum particles involved in the collision. Before the hard interaction,
the radiation that results from particles is called initial-state-radiation (ISR), while radiation off
particles produced in the collision is called final-state-radiation (FSR). Quarks and gluons can
emit additional radiation through strong interaction. All the quarks and gluons pass through the
hadronization process, forming hadrons. Eventually, unstable particles are going to decay. A

representation of all these processes is presented in Fig. 2.19.
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Figure 2.19: Representation of a proton-proton collision event as produced by an event generator. The
hard interaction (big red blob) is followed by the decay of the products (small red blobs). Initial and final
state radiation is represented in blue. A secondary interaction (in purple) can take place before the final-
state partons hadronization. The hadronization is shown by the green blobs and hadron decay in dark green.
Photon radiation is presented in yellow. [91]

A simulation sequence of such a process could be done using several software packages in the

following steps:

e Matrix Element (ME): responsible for calculating the scattering amplitude utilizing the
proton PDFs to inspect the initial state particles’” momenta and produce the final state par-
ticles [92].

e Parton Shower (PS): used to simulate additional emissions in perturbative QCD. The
probability of producing an event with a given final state is approximately similar to the

probability of the same final states in the real-world experiment [93].

e The hadronization: describe the transition from colored particles to hadrons, is treated

using phenomenological models [94].

e Underlying Events: the decay of unstable particles, modeled based on experimental data [95].
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The mentioned steps are done using software packages called event generators. The event generator
programs used in this analysis are PYTHIA [96], MADGRAPH [97], and POWHEG |[98].

2.5.2 Detector simulation

After completing the MC event generators’ whole chain, Monte Carlo techniques are then used to
simulate the interaction of the particles with the detector. The detector simulation is implemented
using GEANT4 [99]. Pileup interactions are also added at this stage: according to a specified pileup
scenario, a library of simulated hits of minimum bias events adds extra interactions to the signal
event. Once the detector simulation is operated, all the detector signals are converted to electronic
signals in a format identical to the one used for data. After this step, the simulated events go

through the same reconstruction steps as the collision data.
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Chapter 3

CMS track reconstruction performance

during Run 2

The precise and efficient measurement of charged particle momentum is a critical component of
CMS’s physics program, as it impacts the ability to reconstruct the physics objects needed to
understand pp collisions at the LHC. With the start of Run 2, the LHC has resumed delivering pp
collisions with a center-of-mass energy of 13 TeV and a bunch time separation of 25 ns, with an
average of more than 25 inelastic collisions superimposed on the event of interest. In this highly
populated environment, accurate reconstruction of the particle momentum is one of the major
challenges of CMS. In this chapter, the CMS tracking strategy used for Run 2 is described. In
addition, the performance of the muon tracking measured with the tag and probe technique on the
Z — ptp~ di-muon resonances in the legacy data of Run 2 at /s = 13 TeV is discussed. The
results presented in this chapter were published in [100].

3.1 Track reconstruction

A tracker hit is the best estimate of the point where a charged particle has crossed the silicon layer,
based on the released charge distribution. Each trajectory is a sequence of hits in the tracker:
tracking algorithms assign hits to tracks and aim to measure the five parameters of the helix with

the best possible resolution.

The CMS track reconstruction algorithm [63] is following an iterative approach: the track recon-
struction is run several times, the first set of iterations looks for tracks that are easier to find, i.e.
non-displaced tracks and with relatively high py, and progressively proceeding to the more complex
ones. After each iteration, hits associated with reconstructed tracks are then removed from the set
of hits before running the following iterations. This procedure reduces the combinatorial complexity

so that the more difficult kinematic regions tracks can be reconstructed.

The algorithm used for the track reconstruction is called the Combinatorial Track Finder (CTF),
which is based on the combinatorial Kalman filter (CKF) technique [82]. The CTF algorithm can

be described in a 4-step procedure that is run at each iteration:

e Seed generation (seeding): It provides the initial estimate of the trajectory parameters

and their uncertainties (see Fig. 3.1 (a)). The seeding needs at least three hits (or two with
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Figure 3.1: Track reconstruction in CMS [101]

an additional constraint on the track’s origin). Pixel hits are used for seeding because they
are 3D hits with better resolution and no matching ambiguity as for the strips. The new pixel
detector with four layers, described in Section 2.2.1, improved the seeding significantly: the

best seeds now have 4-pixel hits.

Pattern recognition (building): The proto-candidates are then propagated, searching for
compatible hits at each layer using the Kalman filter. The seeds are extrapolated to the
entire tracker, and at each iteration, the track parameters are updated. Once the track is
complete, another search is performed backward, starting with the outermost hit. This step
is performed because the pattern recognition is more efficient than the seeding, as it correctly
handles possible overlaps of silicon modules and can recover pixel hits that were not used at
the time of seeding. If multiple compatible hits are found when extrapolating the trajectory
to a single layer, the algorithm creates a candidate for each hit, propagating independently.

Ultimately, only one trajectory is kept based on the total number of hits and the quality.

Track fitting: Once the tracks are built, the trajectory is fitted after combining all the
associated hits using an inside-out and outside-in Kalman filter, with the last step, also called
the "smoothing stage". The Kalman filter is firstly run starting from the innermost hit,
where the state of the trajectory is given by the inner hits. For each valid hit, the estimated
uncertainty of the hit position is also updated using the values of the track parameters. The
smoothing stage follows this first filter: a second filter is initialized with the result of the first
filter but with enlarged errors and is run outside-in. The helix parameters can be obtained
from the weighted average of the parameters of these two filters at the surface associated with
each hit.

Track selection: Tracks are selected based on quality flags: the number of hits in the entire

tracker, the number of 3D hits, the distance from the primary vertex, and the track normalized

X2
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3.1. Track reconstruction

Iteration Seeding Target tracks
Initial pixel quadruplets prompt, high pr
LowPtQuad pixel quadruplets prompt, low pr
HighPtTriplet pixel triplets prompt, high pp recovery
LowPtTriplet pixel triplets prompt, low pp recovery
DetachedQuad pixel quadruplets displaced——
DetachedTriplet | pixel triplets displaced—— recovery
MixedTriplet pixel+srtip triplets | displaced—

PixelLess inner srtip triplets | displaced+
TobTec outer srtip triplets | displaced++
JetCore pixel pairs in jets high-pr jets
Muon Inside-Out | muon-tagged tracks | muons
Muon Outside-In | standalone muons muons

Table 3.1: Summary of the seeding hits and the target tracks for each of the tracking iterations.

The contribution of each iteration to the final reconstructed tracks is shown in Fig. 3.2 as a function
of pp, with several tracking iterations in different colors. Simulated events with the new pixel
detector tt production with an average pileup of 35 have been used. The plot shows that the
tracking efficiency saturates at ~ 90% due to hadrons that undergo nuclear interactions in the
tracker material, while it is known to be close to 100% for muons. At low pr, the efficiency is
lower due to the nuclear interactions. The different tracking iterations are also listed in Table 3.1
with their seeding hits and target track: the first set of iterations uses triplets with a compatible
fourth hit, and the second propagates the triplet. In the subsequent iterations, a 3-hit seeding
is run as a recovery for prompt tracks, then displaced tracks with several combinations of hits
are considered. The final steps develop special iterations to improve tracks reconstruction in a

high-density environment (jets) or use information from other subsystems (muons).

CMS simulation 13 TeV

preliminary

\_l\Hll‘II“IH

olnitial .
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g+Muon outside-in
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Tracking efficiency
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Figure 3.2: Iterative tracking efficiency in MC as a function of track pz. [102]
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At the end of the iterative process, the tracks that fulfill some minimum requirements are kept in
the “All-Tracks” collection. The first set of iterations are only seeded by hits in the inner tracker,
while the last two steps use muon candidates from the muon system to create seeds for the track
reconstruction in the inner tracker, reconstructing muon-tagged tracks. Tracks that do not belong
to these two specific iterations are kept in the so-called “Tracker-only seeded tracks” collection and
are particularly important for studies at low transverse momentum or pion reconstruction. Both
“Tracker-only seeded tracks” and “All-Tracks” collections have been used extensively for muon-track

efficiency studies mentioned later in this context.

3.2 Datasets

3.2.1 Data

In late 2015 and early 2016, the Silicon Strip Tracker observed a decrease in signal-to-noise, also
associated with a loss of hits on tracks. This behavior was due to saturation effects in the pre-
amplifier of the APV25 readout chip [103]. The drain speed of the pre-amplifier was affected more
strongly by the change in operating temperature than anticipated, leading to a prolonged discharge
of the amplifier under high occupancy conditions. About 20 fb=! of 2016 data were affected by this
issue, referred to as (old APV settings). The drain speed was changed to allow for faster recovery.
With the new APV pre-amplifier settings, the hit efficiency is back at the same level as in Run 1,
16 fb~! of 2016 data has been taken with the new settings, referred to as (new APV settings).

This analysis uses proton-proton collision Legacy data recorded by the CMS experiment during Run
2 at /s = 13 TeV, corresponding to an integrated luminosity of 59 fb=1 (2018), 41 fb=! (2017), 20
fb=! (old APV settings), and 16 fb~! (new APV settings) and based on a single muon trigger.

3.2.2 Simulation

In order to improve the description of 2016 data in the period affected by the APV saturation issue,
around half of the Monte Carlo events generated for the 2016 Run 2 Legacy campaign underwent a
dedicated simulation of the APV25 chip dynamic gain in the Strip Tracker partitions. A set of APV
baseline distributions, representing the charge accumulated on a strip over several bunch crossings,
are provided as an input, separately per layer, and in bins of PU and z within a layer. Each time a
charge is deposited on a strip, the APV response is simulated; this is linear for low APV baselines
(small amount of charge from previous interactions remaining on strips) but becomes non-linear for
high APV baselines; the net effect is that the charge effectively deposited/readout from a strip is

reduced.

Drell-Yan + jets samples generated using MadGraphb generator at LO QCD accuracy are used in

this analysis. Events are weighted to match the pile-up distribution in the data.

3.3 The Tag and Probe method

The calculation of detector efficiency is an essential aspect for any physics analysis. It considers

the particles generated in the collision and escaped detection (dropped by the reconstructions al-
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3.3. The Tag and Probe method

gorithms, did not arrive the detector components, etc.). It could be evaluated from simulation,
but simulation needs to be calibrated with data. The tag and probe method (T&P) is a data-
driven technique used in CMS since 2008 to measure the efficiencies from data, with no reference

to simulation. It is based on the reconstruction of well-known resonances, such as J/v or Z.

In this method, resonances used to calculate the detector efficiencies decay to a pair of particles,
which in our case are muons, One of which has passed a tight identification (“tag”) while the other
one has passed a loose identification (“probe”). Then, the “probes” are divided into two categories,
i.e. “passing” and “failing” probes, depending on specific selection criteria. Di-muon candidates are
produced by pairing tag muons with probe muons, requiring the invariant mass of the pair to be

close to the resonance mass and the total charge to be zero.

Some procedure is applied at the tag-probe invariant mass spectra for the passing and failing probes
to subtract the non-resonant background (e.g. from fake probes) to calculate the net number of
passing and failing di-muon probes, as described in section 3.3.2. Finally, the efficiency is computed
as the ratio between the “passing probes” and the total number of probes in the sample. A more
detailed description of this method is given in Ref. [104].

This chapter is focused on the extraction of the muon tracking efficiency using the tag and probe
technique using Z — pup~ di-muon resonances. Assuming that the muon reconstructions in the
tracker and the muon system are independent, the efficiency is given by the probability that a
track reconstructed in the inner silicon tracker is associated with a given standalone muon “probe”.
The generic definition of “probe” and “tag” muons are similar to the ones already used for Runl
data [105]:

e tag: A global muon with transverse momentum pr larger than 27/29 GeV !, geometrically
matched to a trigger object that fired the single muon trigger for isolated muons with a nominal
pr threshold of 24/27 GeV 2. In addition, relative combined isolation with Af correction [73]
in AR = 0.4 is applied to be less than 0.15.

e probe: Any standalone muon with at least one valid hit in the muon system (i.e. good
track-hit x?).

e passing probe: The standalone muon is matched with tracks that fulfills minimum quality
requirements in (AR < 0.3). The matching is defined by comparing the directions at the point
of the closest approach to the beamline of the two tracks. The matching will be discussed in

details in section. 3.3.1.

3.3.1 Matching

There are two challenges in measuring the tracking efficiency based on the matching between the
two subdetectors: the possibility that the standalone muon is linked with a spurious tracker track
when the true one is not reconstructed and the probability that the track which is successfully

reconstructed in the inner tracker is not associated with a standalone muon. The former possibility

pr > 27 GeV(2018, 2016 dataset) and pr > 29 GeV (2017 dataset).
Zsingle muon trigger with a nominal pr threshold of 24 GeV (2018, 2016) and 27 GeV (2017 dataset).
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3.3. The Tag and Probe method

leads to overestimating the efficiency and becomes more significant if the matching criteria are made
looser, while the latter possibility can lead to underestimating the efficiency and can be mitigated
by choosing very loose matching criteria. The two effects must be controlled to measure the tracking

efficiency with high accuracy or if large deviations between simulations and real data are expected.

The measured efficiency € can be formulated in terms of the true tracking efficiency er, matching

efficiency €j; and the the probability of spurious matches e as [105]

e =epey + (1 — epepr)er (3.1)

As it will be described in section. 3.4.1, e can be measured from data. Once we have ep, one can
invert the relation and obtain
€—€Rp 1—c¢

= =1- 3.2
crem 1—6F 1—6F ( )

The true inefficiency equals the measured inefficiency scaled up by a factor 1/(1 — er). The uncer-

tainty on the corrected efficiency can be computed as

1 1-—
o(e) @ ‘

o(eper) = )20(6F> (3.3)

(1—ep

Hence the non-negligible ex decrease the sensitivity of the measurement, as expected, while the un-

1—e€p

certainty on er has a small contribution to the precision of the measurement due to the suppression
factor (1 —¢€) < 1

Extracting ep from €prer can be more problematic. The value of €3; can only be extracted from
simulation, not from data, and it is sensitive to the tails of the standalone muon resolution. There is
no suppression factor reducing the contribution of o(eys) so any small uncertainty on e;; propagates

directly to er
1 €T
o(enm) = —o(emer) ® 5olen) (3.4)
€M €y
The matching efficiency cannot be above 100%, so any measurement of the efficiency giving a
confidence interval exrer € [€1ow, €nign] can be translated conservatively in a larger confidence interval
for er, er € [€10w, 100%], this is usually enough, as the ep is expected to be very close to 100%.
Also, the matching efficiency cancels out at least partially when computing the ratio of the tracking

efficiencies between data and simulations.

3.3.2 Signal extraction

For the purpose of separating the signal (muons coming from the decay of true Z candidates) and the
non-resonant background (e.g., from fake probes), a simultaneous fit is performed on the invariant
mass spectra of the pairs for both passing and failing probes. This procedure is applied after
splitting the data into sub-samples, corresponding to bins of the probe muon’s kinematic variable
of interest such as pr, 1, ¢, and the efficiency will be measured as a function of that variable. Each
sub-sample contains signal and background events; the signal is accessed by fitting the invariant
mass spectra. The fit for each bin allows discriminating between signal and background statistically.

In particular, the fit yields the number of signal events. The Z invariant mass distribution (signal)
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3.4. Results of the efficiency measurements

is modeled as Voigtian, while the background is modeled as an exponential function. The efficiency
is finally calculated simply from the ratio between the signal yield from the fit of passing probes

and all probes. This approach is illustrated in Fig. 3.3.
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Figure 3.3: Invariant mass distributions for tag -+ passing probes (top-left), tag + failing probes (top-right),
and tag + all probes (bottom-left). The Z mass window is selected to be in the [70-115] GeV range. Data
is represented by black dots, and the fitted curves are also shown for each distribution (colored curves).
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Figure 3.4: Fake matching rate as a function of pseudorapidity 7 of standalone muons using tracks in the
“All-Tracks” collection (left) and “Tracker-only seeded tracks” (right), for 2016 Legacy (old APV settings).
The uncertainties shown are statistical.

3.4 Results of the efficiency measurements

The muon tracking efficiency has been measured for “All-Tracks” and “Tracker-only seeded tracks”
collections as a function of pseudorapidity 7, azimuthal angle ¢ of the probe muon and the number

of primary vertexes reconstructed in the event. The full results are available in [106], while the
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efficiency as a function of 1 only will be presented in this context.
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Figure 3.5: Fake matching rate as a function of pseudorapidity 7 of standalone muons using tracks in the
“All-Tracks” collection (left) and “Tracker-only seeded tracks” (right), for 2016 Legacy (new APV settings).
The uncertainties shown are statistical.
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Figure 3.6: Fake matching rate as a function of pseudorapidity 7 of standalone muons using tracks in the
“All-Tracks” collection (left) and “Tracker-only seeded tracks” (right), for 2017 Legacy. The uncertainties
shown are statistical.

3.4.1 Measurements of the probability of spurious matches

As the matching criteria are very loose, a probe can also be matched to another track in the event,
leading to an overestimate of the measured tracking efficiency, as explained in section 3.3.1. The
probability of spurious matches can be measured directly on data: before matching probes and
tracker tracks, one can remove those tracks that combined with the tag give an invariant mass near
the Z peak. Under these circumstances, the tracking efficiency measured estimates the probability

of fake matches.
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The measured fake matching rate as a function of pseudorapidity n for “All-Tracks” and “Tracker-
only seeded tracks” collections are presented in Fig. 3.4, 3.5, 3.6, 3.7 for 2016 (old APV settings),
2016 (new APV settings), 2017, and 2018, respectively. As expected, the fake match probability is
small and becomes more visible in the endcap region due to the increased rate of hadrons above the

momentum threshold used. The simulation reproduces the behaviour with a good agreement with

data.
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Figure 3.7: Fake matching rate as a function of pseudorapidity n of standalone muons using tracks in the
“All-Tracks” collection (left) and “Tracker-only seeded tracks” (right), for 2018 Legacy. The uncertainties
shown are statistical.

3.4.2 Corrected efficiencies

The measured efficiencies have been corrected according to equations 3.2, 3.3 using the estimate of

the probability of fake matches shown in section 3.4.1.

The muon tracking efficiency for the 2016 (old APV setting) dataset with integrated luminosity
20 fb~! has been shown in Fig. 3.8 as a function of pseudorapidity 1 of standalone muons. The
efficiency using tracks in the “All-Tracks” collection (on the left) shows a good agreement between
data and MC with a slight decrease in efficiency affected by the issue in the pre-amplifier of the
APV25 readout chip, explained in section. 3.2. The effect of this issue is more pronounced in the
case of the “tracker-only seeded tracks” (on the right), where there is a significant decrease in the

efficiency with marked discrepancies between data and MC.

With the new APV pre-amplifier settings, the hit efficiency is back at the same level as in Run
1[63]. The efficiency for 2016 taken with the new APV settings with integrated luminosity 16 fb~!
is shown in Fig. 3.9 as a function of pseudorapidity n of standalone muons. The efficiency using
tracks in the “All-Tracks” collection (on the left) returned to its nominal value (> 99.5%). The
inefficiency in the “tracker-only seeded tracks”, due to APV pre-amplifier saturated, around 4% has
been eliminated with the new APV settings; the efficiency returned to its nominal value with a
good agreement between data and MC. The biggest difference between data and MC ~ 1% is seen

at the transition region between the barrel and endcaps.
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Figure 3.8: The muon tracking efficiency as a function of pseudorapidity n of standalone muons using tracks
in the “All-Tracks” collection (left) and “tracker-only seeded tracks” (right). The 2016 (old APV setting) data
is represented by black dots and simulation by colored rectangles. The uncertainties shown are statistical.

The muon tracking efficiency for both 2017 and 2018 datasets are shown in Fig. 3.10 and Fig. 3.11
respectively as a function of pseudorapidity n of standalone muons. The results obtained for the
two years are so similar. The efficiency using tracks in the “All-Tracks” collection (on the left) shows
a good agreement between data and MC with efficiency higher than 99.5% all over 7 regions. For
“tracker-only seeded tracks” (on the right), the efficiency is higher than 97%, decreased to ~ 95% in
the transition region between the barrel and endcaps with the biggest difference between data and
MC ~ 1.5%.

Fig. 3.12 shows the tracking efficiency for Run 2 Legacy data and simulation as a function of
pseudorapidity 7 of standalone muons. The efficiency using tracks in the “All-Tracks” collection (on
the left) shows a good agreement between data and MC with efficiency higher than 99% all over 7
regions. For “tracker-only seeded tracks” (on the right), the efficiency is higher than 97%, decreased
to ~ 96% in the transition region between the barrel and endcaps with the most significant difference
between data and MC ~ 2%.

A comparison of the tracking efficiency for the different running periods of Run-2 is presented in
Fig. 3.13. For “All-Tracks” (on the left), a good agreement of the tracking efficiency is observed for
the running periods (2018, 2017, 2016 new APV settings), while for 2016 old APV settings, a loss
in efficiency of up to ~ 2% is found. For “tracker-only seeded tracks” (on the right), there is almost
agreement of the efficiency observed for the running periods (2018, 2017, 2016 new APV settings),
and a loss in efficiency of up to ~ 5% is found for 2016 old APV settings.
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Figure 3.9: The muon tracking efficiency as a function of pseudorapidity n of standalone muons using
tracks in the “All-Tracks” collection (left) and “tracker-only seeded tracks” (right). The 2016 (new APV
setting) data is represented by black dots and simulation by colored rectangles. The uncertainties shown are
statistical.
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Figure 3.10: The muon tracking efficiency as a function of pseudorapidity 7 of standalone muons using
tracks in the “All-Tracks” collection (left) and “tracker-only seeded tracks” (right). The 2017 Legacy data is
represented by black dots and simulation by colored rectangles. The uncertainties shown are statistical.
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Figure 3.11: The muon tracking efficiency as a function of pseudorapidity 7 of standalone muons using
tracks in the “All-Tracks” collection (left) and “tracker-only seeded tracks” (right). The 2018 Legacy data is
represented by black dots and simulation by colored rectangles. The uncertainties shown are statistical.
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Figure 3.12: The muon tracking efficiency as a function of pseudorapidity 7 of standalone muons using
tracks in the “All-Tracks” collection (left) and “tracker-only seeded tracks” (right). Run 2 Legacy data is
represented by black dots and simulation by colored rectangles. The uncertainties shown are statistical.
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3.4. Results of the efficiency measurements
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Chapter 4

Effects of the electronic threshold on the
performance of the RPC detector

As a robust handle to the signature of interesting events in the CMS, muons’ trigger and recon-
struction capabilities are essential. The muon system allows identifying muons produced in many
standard model processes, such as top quark production, W and Z decay, Higgs boson studies, and
searches beyond the Standard model. Therefore a robust and redundant spectrometer is needed to
provide efficient muon reconstruction and identification. One of the detectors that play a critical
role in triggering muons in the CMS experiment, both in the barrel and endcap regions, is the
Resistive Plate Chambers. To optimize their performance, it is of primary importance to tune the
electronic threshold of the front-end boards that read the signals from these detectors. This chapter
introduces the results of a study that investigated the effects of variations in the electronic threshold
voltage on the detector’s RPC efficiency, cluster size, and intrinsic noise rate. The results presented
in this chapter have been published in [107].

4.1 The Resistive plate chamber

Resistive Plate Chambers (RPC) [108] are gaseous parallel-plate detectors used as dedicated trigger
detectors in the CMS in the barrel and endcap regions. The RPCs combine excellent time resolution
with an acceptable spatial resolution, allowing the capability to tag an ionising event much shorter
than the 25 ns between 2 consecutive LHC bunch crossings (BX); hence, it can assign the muon to

the correct bunch crossing.
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Figure 4.1: The layout of the double-gap RPC chamber. [109]
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4.1. The Resistive plate chamber

The CMS RPC chambers consist of two parallel High-Pressure Laminate (HPL) plates with a
thickness of 2 mm and a resistivity of 1-6x 109 € cm, separated by a 2 mm gas gap. A grid of
polycarbonate spacers is distributed within the gap to provide rigidity and maintain the thickness
of the gap. The HPL inner surfaces are covered with linseed oil, while the outer surfaces are coated
with conductive graphite to make the high voltage and ground electrodes. The readout is performed
via capacitive coupling of copper strips, separated from the graphite coating by an insulating PET
film. The CMS RPC chambers are made of two gaps to form the so-called double-gap geometry,
with pick-up strips in the middle. A layout of the double gap design is presented in Figure 4.1.

RPC operating principle is based on the ionization process like any other gas detector. When a
muon passes through a gas gap, it ionizes the gas atoms, creating electron-ion pairs. The applied
electric field at the gap causes the electrons to drift towards the anode. Because of their lower mass,
the electrons have a higher drift velocity than the ions. They are accelerated toward the anode,
ionizing more molecules in their path, creating an avalanche. The induced charges are collected
on the readout strips, located between and shared by the two gas gaps. The readout electronics
then measures the time of the signal with an intrinsic resolution of around 2 ns. Considering the
uncertainty of the signal’s propagation time along the strip, the RPC measures the time of the hit
with an overall resolution of better than 3 ns. This time resolution is much smaller than the LHC
bunch spacing of 25 ns and is precise enough to assign the muon track to the proper bunch crossing
with high efficiency (above 95% during Run 2 [110]).

The CMS RPC operate with a humidified gas mixture composed of [72, 108, 111]: 95.2% C2H2F4
(Freon-R134a), 4.5% iC4H10 (isobutane) and 0.3% SF6 (Sulphur Hexafluoride). The electrons
drift velocity in C2H2F4 promotes the excellent timing properties of RPCs. During the avalanche
multiplication process, hard UV photons are produced due to electron-atom collisions during ion-
electron recombination in the gas or on the cathode surface. Polyatomic molecules, such as iC4H10,
are used as quencher gas since they limit the avalanche development by absorbing UV photons. SF6
is used in minimal quantities for its high electro-negativity. The compound absorbs any excess of
electrons, and streamers are suppressed [112, 113]. Nevertheless, a fraction of SF6 higher than 1%
would not bring any additional benefit in streamer reduction power but would result in a higher

operating voltage.

The CMS RPC system consists of 1056 RPCs, organized into 4 stations covering a pseudorapidity
range of || < 1.2 in the Barrel region (RB1 - RB4), and 4 stations for each endcap covering 0.9 <
In| < 1.9 (RE1 - RE4) [72].

There are 480 RPC installed and evenly distributed on 5 wheels along the beamline, designated
as wheel 0, wheel £1, and wheel +2, as shown in Fig. 4.2 (left). Each wheel consists of 4 muon
stations (named RB1, RB2, RB3 and RB4) from inside to outside the CMS detector and is divided
into 12 sectors (named S01-S12) in ¢. The inner two stations consist of 2 layers of RPCs (RBlin,
RBlout, RB2in and RB2out) with a DT in between, while the outer two stations consist of a single
layer of RPCs (RB3 and RB4) and a layer of DTs.

The design of endcap RPCs is similar to that of barrel RPCs, except for the different shape and fine
segmentation required for the forward regions with higher multiplicity [115]. A total of 576 RPCs
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4.2. Effect of changing front-end discrimination thresholds on RPC detector performance
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Figure 4.2: CMS RPC system layout in the Barrel for one Wheel W+2 (left) and in the endcap for one
disk with 3 rolls (right). [114]

are installed in the endcap and distributed in 8 disks (4 disks per endcap, positive and negative),
named RE+1, RE42, RE£3 and RE+4, as shown in Fig. 4.2 (right). The two disks for the fourth
station, both positive and negative, were installed during LS1 (2013-2014) [38]. Each disk is divided
into 36 sectors along ¢ and has two concentric rings: ring 2 (R2) and ring 3 (R3). Each ring consists
of 36 trapezoidal chambers spanning 10° and further divided into three rolls, denoted A, B, and C
as 7 increases. By dividing the readout strips into three rolls, the TOP layer gap is divided into
two gaps: Top Narrow (TN) and Top Wide (TW). The Bottom (BOT) layer consists of one gap

instead.

4.2 Effect of changing front-end discrimination thresholds on RPC

detector performance

Signals coming from each n partition of the RPC detector are read-out by means of a front-end
electronic board, which allows only signals larger than a specific FE discriminator value to be
transmitted to the trigger logic. Therefore, fine-tuning of these electronic thresholds affects some

of the main detector characteristics, like efficiency, cluster size and detector intrinsic noise rate.

The CMS RPC system has been operating for several years, with electronic thresholds defined at the
first commissioning. These are usually called “default thresholds”, differ for each roll and front-end
electronics board considered, and are stored in the configuration database. They will be henceforth
indicated with Vip,_gep. The values of Vip,_ger usually lie in the [205-240] mV range, where 1 mV
corresponds to a signal of about 3.2 fC before pre-amplification [116].

In order to investigate the possibility to optimize the electronic thresholds, a dedicated scan has been
performed during a data taking campaign with cosmic rays. In the scan, the electronic thresholds
Vihr—app actually applied to the front-end boards were changed, starting from (Vip,—ge f-5mV) up
to (Vinr—de r +15 mV), in five steps of 5 mV each. In this section, results about efficiency, cluster

size, and detector intrinsic noise, obtained during this threshold scan, are reported.
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4.2. Effect of changing front-end discrimination thresholds on RPC detector performance

4.2.1 Effect on RPC efficiency

RPC hit efficiency was measured using the segment extrapolation method [117]. The segments
formed in the most adjacent DT (in the barrel) or CSC (in the endcap) chambers were extrapolated
to the RPC chamber level. The selected segments are checked to belong to a standalone muon track
reconstructed in the muon system, and the selected tracks have pr > 7 GeV and quality defined
by x?/NDOF < 8. The extrapolated points are matched to the points reconstructed from the RPC
hits in a range of four strips. The efficiency was calculated as the ratio between the number of
matching and expected hits. The average barrel RPC efficiency measured during the threshold scan
is summarized in Table. 4.1, for various values of Vi, _gpp. Due to rather small amount of data in
the endcap chambers, a detailed study was possible in the barrel region only. As expected, efficiency

decreases as Vipy—qpp increases, of about 3.5% in the threshold range considered.

Vihr—app = Vibr—der | -5mV | 0mV | +5mV | +10 mV | +15 mV
Average Efficiency | 94.5 % | 93.6 % | 93.1 % | 922 % | 91.0 %

Table 4.1: RPC barrel average efficiency, for different applied electronic thresholds.

To exemplify this behaviour, RPC efficiencies of one roll in the barrel (left) and one in the endcap
region (right), as a function of the difference between the applied and the default thresholds (Vip,—qapp
- Vihr—def), are shown in Fig. 4.3.

D\v—°-1007 D\v—°-1007
> = > =
et 2t
s | = 3 L +
2 90 " . 2 90
AT " b -
L . L
80— 80—
- CMS - CMS
70— , 70— ,
- 2018 cosmics data 2018 cosmics data
6oL L Ll Ll N g0l L Ll Ll s Ll
-5 0 5 10 15 -5 0 5 10 15
Difference from default thresholds [mV] Difference from default thresholds [mV]

Figure 4.3: RPC efficiency as a function of the difference between Vipr_qpp and Vipr_ger. This figure
refers to one roll for the barrel (left) and one in the endcap region (right). Error bars for the endcap roll are
larger due to less amount of data.

Barrel RPC roll efficiency distributions, measured at the different Vi3, _,p, used during the voltage
scan, are shown in Fig. 4.4 (left). Efficiency distributions present larger tails to the left of the
peak as rolls’ efficiency decrease with increasing the front-end discrimination thresholds. The RPC
efficiency variation distribution between the efficiency values measured at Vip,_qcr, and the ones
obtained with Vipr—app = (Vinr—des - 5 mV) is shown in Fig. 4.4 (right). Applying a threshold

Vihr—app  mV lower with respect to Vip,._gey results, in the barrel, in an average efficiency gain of
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about 0.9%. The tails in the distributions, containing few entries characterized by high efficiency

variations, are caused by less amount of data.
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Figure 4.4: Left: Barrel RPC efficiency distributions, measured at the various Vip,_qpp used during the
threshold scan. Right: barrel RPC efficiency variation, measured at Vipr—qpp = (Vinr—des - 5 mV), with
respect to the one obtained with Vi, _ges.

The efficiency variation when decreasing the threshold voltage by 5 mV has also been studied for
the different barrel regions of the RPC detector with respect to the beam pipe. Fig. 4.5 shows the
efficiency variation when decreasing the threshold voltage by 5 mV, which results in an average
efficiency gain of about 0.7% and 1.6% for the rolls from the innermost (closest to the beam pipe)
RPC barrel layer RB1in (left), and for the outermost one - RB4 (right) respectively.
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Figure 4.5: The Variation of the barrel RPC efficiency when decreasing the applied threshold voltage by
5 mV with respect to Vipr—ges for the rolls from the innermost (closest to the beam pipe) RPC barrel layer
RBIlin (left), and for the outermost one - RB4 (right).

4.2.2 Effect on RPC cluster size

One of the essential parameters for monitoring the RPC system’s performance is the RPC cluster
size [117], defined as multiple adjacent fired RPC strips that respond to the passage of charged
particles. The coordinates of the RPC hits are determined at the center of the formed clusters of

fired strips. A larger cluster size may affect the correct estimation of the deflection angle of the muon
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4.2. Effect of changing front-end discrimination thresholds on RPC detector performance

trajectory. To meet the requirements of the muon trigger, the cluster size of the RPC hits should
not exceed 3 stripes. The mean values of the barrel RPC cluster size measured applying different
values of Vi, —_qpp used during the threshold scan are summarized in Table. 4.2. As expected, cluster

size decreases as Vip,—qpp increases.

Vinr—app = Vihr—des SmV | 0mV | 5 mV | +10 mV | +15 mV
Average cluster size (# of strips) | 1.76 | 1.70 1.67 1.62 1.58

Table 4.2: Average barrel RPC cluster size, for different values of the applied threshold Vipr—app

The RPC cluster size of one roll in the barrel and one in the endcap region, as a function of Vij,—qpp
is shown in Fig. 4.6. Again, this exemplifies what happens to the cluster size when increasing the

electronic threshold in the whole system.
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Figure 4.6: RPC Cluster size as a function of the difference between Vip,_qpp and Vipr—gep. Results for
one barrel (left) and one endcap rolls (right) are shown.

The RPC cluster size distributions, measured at the different Vi, _qpp used during the threshold
scan, are shown in Fig. 4.7 (left). Applying a threshold discrimination lower by 5 mV with respect
to Vinr—dey results in a slight increase of the cluster size, quantified in about 0.07 strips for the
barrel. This is shown in Fig. 4.7 (right).

The cluster size variation when decreasing the threshold voltage by 5 mV has also been studied
for the different barrel regions of the RPC detector with respect to the beam pipe. Fig. 4.8 shows
the cluster size variation when decreasing the threshold voltage by 5 mV, which results in a slight
cluster size increase of about 0.064 and 0.047 strips for the rolls from the innermost (closest to the

beam pipe) RPC barrel layer RB1lin (left) and for the outermost one - RB4 (right) respectively.

4.2.3 Effect on RPC intrinsic noise rate

The intrinsic noise rate of the RPC [118] is defined as the count rate normalized to the detector

surface measured by the RPC chamber during cosmic data-taking. Under these conditions, the
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Figure 4.7: (Left) RPC cluster size distributions measured at the different applied thresholds Vin,—app
used during the threshold scan. (Right) Variation of the barrel RPC cluster size when decreasing the
applied threshold voltage by 5 mV with respect to Vinr_gef.
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Figure 4.8: The Variation of the barrel RPC cluster size when decreasing the applied threshold voltage by
5 mV with respect to Vipr—ges for the rolls from the innermost (closest to the beam pipe) RPC barrel layer
RBIlin (left), and for the outermost one - RB4 (right).

RPC high voltage is at its working point, and cosmic muons are detected solely. Nevertheless, other
contributions to the intrinsic rate of the detector may be detected, caused by the noise of the high
voltage system, tensions in the cables, etc. Therefore, it is essential to keep this noise as low as
possible, with a maximum of 5 Hz/cm? required by CMS. The intrinsic RPC noise rate as a function
of (Vthr—app- Vihr—de f) is shown in Fig. 4.9 for one roll in the barrel and one in the endcap region.

A quadratic polynomial function is used for the fit.

The distribution of the difference of the intrinsic noise rate measured for the RPC chambers in
the barrel when applying an electronic threshold 5 mV lower with respect to Vip,_gef is shown
in Fig. 4.10. On average, applying 5 mV lower thresholds with respect to Vij,_ges results in an
intrinsic noise rate increase of about 0.04 Hz/cm?, which represents around 10% increase with noise

rate measured at the default threshold.

The results presented in this chapter and obtained during the 2018 threshold scan of the CMS RPC

system are in agreement with the expectations: a decrease in the applied discrimination thresholds
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Figure 4.9: RPC intrinsic noise rate as a function of the difference between Vipr—qpp and Vipr—ger. One roll
for the barrel (left) and one for the endcap region (right) are shown. In both cases, a quadratic polynomial
function is used for the fit.
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Figure 4.10: Variation of the intrinsic barrel RPC rate, measured when applying Vin,r—ges and (Vinr—des
-5 mV), which results in an intrinsic noise rate increase of about 0.04 Hz/cm?.

increases the RPC efficiency, which is a benefit for the system but, at the same time, induces an
increase in cluster size and intrinsic noise, which could deteriorate spatial resolution and accidentals,
respectively. The opposite happens when the threshold is increased. Nevertheless, the ~ 0.9% gain
in efficiency consequent to a 5 mV decrease of the threshold with respect to the default one is to
be preferred w.r.t. the corresponding minimal increase in cluster size, of around 0.07 strips, and
intrinsic noise, roughly 0.04 Hz/cm?. This would induce to consider thoughtfully adopting such a
solution when the CMS RPC system is restarted after the current shutdown.
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Chapter 5

Baseline selections for VBF analysis

The present analysis is based on the reconstruction of the SM Higgs boson produced through the
VBF production channel, and decay to ZZ — 4l. The typical physics objects, which are the
outcome of this analysis, are electrons, muons, jets, as well as photons used for final-state radiation
(FSR) recovery. The reconstruction of these physics objects are described in Section 2.4. This
chapter describes the baseline selections used for the VBF analysis. The list of data sets used, the
simulated signal and background samples are described. It also reports on the selection criteria

applied to identify and isolate the physics objects used in this analysis.

5.1 Data Samples and Triggers

This analysis is based on proton-proton collision data collected by the CMS detector at the LHC
during Run 2 at /s = 13 TeV, corresponding to an integrated luminosity of 137 fb~!. Three
different data-taking periods were used for the data collection: 2016, 2017, and 2018 corresponding
to an integrated luminosity of 35.9, 41.5, and 59.7 fb~!, respectively [119-121].

The collision events are selected by high-level trigger algorithms that require the presence of leptons
that satisfy loose identification and isolation constraints. The primary triggers select either a pair
of electrons or muons or an electron and a muon. The minimal transverse momentum of the leading
and sub-leading leptons has changed over the years, taking into account the different conditions for
data acquisition and is summarized in Table 5.1. To maximize the coverage of the H — ZZ — 4l
phase space, triggers that require three leptons with relaxed transverse momentum thresholds and

no isolation requirement, as well as isolated single-electron and single-muon triggers, are used.

e/e (GeV) | p/p (GeV) | e/p, p/e (GeV)
2016 | 17/12 17/8 17/8, 23/8
2017 | 23/12 17/8 23/8, 23/12
2018 | 23/12 17/8 23/8, 23/12

Table 5.1: The minimal py of the leading/subleading leptons used in the main high-level trigger algorithms;
the di-electron (e/e), dimuon (u/p), and electron-muon (e/u, p/e) used in the H — ZZ — 4l analysis for
2016, 2017, and 2018 datasets.
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5.1.1 Trigger Efficiency

The efficiency of the trigger used in this analysis is measured from data using a method based
on the “tag and probe” technique, described in Section. 3.3, by considering 4¢ events triggered by
single-lepton triggers. One of the four reconstructed leptons (the “tag”) is geometrically matched
to a trigger object passing the final filter of one of the single-muon or single-electron triggers. The
other three leptons are used as “probes”. For each 4¢ event, there are up to 4 possible tag-probe
combinations, and all possible combinations are counted in the denominator of the efficiency. For
each of the three probe leptons, all matching trigger filter objects are collected. Then, the matched
trigger filter objects of the three probe leptons are combined to reconstruct each of the triggers used
in the analysis. If any of the analysis triggers can be formed using the probe leptons, the set of

probes is also included in the numerator of the efficiency.

The efficiency plotted as a function of the minimum pt of the three probe leptons in the data and
MC using this method can be seen in Fig. 5.1, which shows the trigger efficiency in the 2016 data for

different final states. The MC efficiency describes the data well within the statistical uncertainties.

CMS Preliminary 33.6 b (13 TeV) CMS Preliminary 33.6 b (13 TeV)
g F 18 ]
) b ¥ = [a) 1
& e 1 & ' ]
o oosf T 1 § oot |
0.9F . 0.9F .
0.85F ] 0.85F ]
0.8F . 0.8F .
F —4 Da ] F —4 D ]
C —4 gg-HMC ] C —4 gg-HMC ]
0.75 E —4— 99 H M (matehing) ] 0.75 E —4— 99 H M (matching) ]
07:\\ e e b b b b b b Ly i 07:\\ coa o v b by b b b b Ly i
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
pT(3rd probe) [GeV] pT(Srd probe) [GeV]
CMS Preliminary 33.6 fbl (13 TeV) CMS Preliminary 33.6 fbl (13 TeV)
) F i 2 F
3 1z =B 1 ]
— Hh—e— 9@ R ==
o F 1 © PR [ ]
5 0.95; 1 & oss .
0.9F . 0.9 .
0.85 . 0.85F .
0.8 = 0.8F =
—4— Data 4 [ —4— Data 4
—4— gg-HMC ] £ —4— gg-HMC ]
0.75 —4— g9 H MC (matching) B 0.75 F —4— g9~ H MC (matching) B
l7:\\\\\\\\\\‘\\\\‘\\\\\\\\ B l7:\\\\\\\\\\‘\\\\‘\\\\\\\\ PETETETE ETRT B
07620 30 20 50 07620 30 20 50 80

60 70 80 90 100 60 70 90 100
pT(3rd probe) [GeV] pT(3rd probe) [GeV]

Figure 5.1: Trigger efficiency measured in 2016 data using 4/ events collected by single lepton triggers for
the 4e (top left), 4u (top right), 2e2u (bottom left) and 4¢ (bottom right) final states [122].

5.2 Simulated samples

MC Simulation of signal (i.e., the final states corresponding to the reaction under investigation) and

relevant background processes (i.e., all categories of events that are not due to the reaction under
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investigation but have final states similar to those sought) is essential to any physics analysis. It
can be used to evaluate signal shape, optimise event selection, estimate background rates, estimate

expected yields, and evaluate the acceptance and systematic uncertainties.

In this analysis, the Higgs boson produced by VBF is considered a signal, while the other production
modes for the Higgs boson are considered backgrounds. The SM Higgs samples are simulated at
NLO in perturbative QCD (pQCD) using the POWHEG V2 generator [123-125] for the five main
production modes: gluon fusion (ggH), including quark mass effects [126], vector boson fusion
(VBF) [127], associated production with a vector boson (WH, ZH) [128], and associated production
with a pair of top quarks (ttH) [129]. In addition to the five main production processes, the
contribution of the associated production with a pair of bottom quarks (bbH) is simulated at LO
with JHUGEN. For all the samples, the decay of the Higgs boson into ZZ and finally into four
leptons is described using the JHUGEN generator [130]. The theoretical predictions used for the
various production and decay modes are summarized in Ref. [131]. The parton shower and the
hadronization are carried out by PYTHIA. The list of SM Higgs processes and the corresponding

cross-sections times branching ratio are shown in Tab. 5.2.

The ZZ background contribution from ¢q annihilation is generated at NLO pQCD using POWHEG
V2 [132], with the same settings as for the Higgs signal. As this simulation covers a large range of
77 invariant masses, dynamical QCD factorization and renormalization scales have been chosen to
be equal to mzz. The gg — ZZ process is simulated at LO with MCFM [133, 134].

In addition, the WZ, triboson backgrounds ZZZ, WZZ and WWZ, and ¢t + vector bosons (V)
are generated at NLO using MadGraph5 (aMC@NLO), while the smaller ttZ, ¢tWW and t{ZZ
background processes are simulated at LO using MadGraph5 (aMC@QNLO). The events containing
Z bosons with associated jets (Z-+jets), also called Drell-Yan (DY), and the t¢ background are
simulated at NLO using MadGraph5 (aMC@NLO).

All signal and background event generators are interfaced with PYTHIA [96] to simulate the multi-
parton shower and hadronization effects. The generated events are processed through GEANT4 [99,
135] to simulate the CMS detector in detail and then reconstructed with the same algorithms used
for the data.

5.2.1 Modelling the 3" jet in VBF-HJJJ sample

The third jet in the VBF sample (VBF-H2J), mentioned above, is generated at LO. Currently, a
better description for VBF Higgs production associated with three hard jets at NLO (VBF-H3J)
has been provided [136] based on the matrix elements of Ref.[137] extracted from the VBF NLO
code [138], [139]. These implementations rely on the VBF approximation.

The Feynman diagrams relevant for this process are shown in Fig. 5.2: considering the subprocesses
qQ — qQgH and crossed subprocesses with the vector-boson exchange in the t-channel (time-
channel). We explicitly exclude weak boson exchanges in the s-channel (space channel) and therefore
leave aside higgsstrahlung processes, i.e., the production of V Hj followed by decay V — jj. We

also neglect any interference of VBF and higgsstrahlung (in the case of identical fermion flavours )
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Process generator + PS ‘ o-BR
SM Higgs MC Samples
g9 —H — Z7Z — 4l Powheg + Pythia 12.18 tb
qq — Hqq — ZZqq — 4lqq Powheg + Pythia 1.044 fb
qg - WtH - W+ZZ — 4l + X | Powheg + Pythia 0.232 fb
qg > W~ H > W~ZZ — 4l + X | Powheg + Pythia 0.147 b
qq—~ZH - ZZ7 - 41+ X Powheg + Pythia 0.668 fb
g9 = ttH - ttZ7 — 41+ X Powheg + Pythia 0.393 b
g9 — bbH — bbZ7Z — 4l + X JHUGEN -+ Pythia 0.135 fb
SM Backgrounds MC Samples

qq — 47 — 4l Powheg + Pythia 1.256 pb
qq — Z7Z — 4l + jets(EWK) MadGraph + Pythia 0.0004404 pb
99— ZZ — 4de MCFM + Pythia 0.00159 pb
99 = Z7Z — 4p MCFM + Pythia 0.00159 pb
g9 — 274 — At MCFM + Pythia 0.00159 pb
99 — ZZ — 2e2p MCFM + Pythia 0.00319 pb
g9 — ZZ — 2e21 MCFM + Pythia 0.00319 pb
99 — ZZ — 2u2t MCFM + Pythia 0.00319 pb
Z =l + jets MadGraph5 (aMC@NLO) + Pythia 18610 pb

MadGraph5 (aMC@NLO) + Pythia 6104 pb
tt MadGraphb (aMC@NLO) + Pythia | 815.96 pb
WZ — 3lv Powheg + Pythia 4.430 pb
ANVA MadGraphb (aMC@NLO) + Pythia | 0.01398 pb
WWZ MadGraph5 (aMC@NLO) + Pythia 0.1651 pb
WZzZz MadGraphb (aMC@NLO) + Pythia | 0.05565 pb
tt + 77 MadGraph + pythia 0.001572 pb
tt+WW MadGraph + pythia 0.007883 pb
tt+2 MadGraph + pythia 0.259 pb

Table 5.2: MC simulated samples and their respective cross section.
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since these interference effects are minimal in the phase space region relevant for VBF observation
at the LHC [140, 141].

A private VBF-H3J sample has been produced using the Powheg-Box V2 MC generator, and the
events were processed through the complete CMS simulation chain adopted for each year of Run 2.

The cross-section times branching ratio for the generated sample is of 0.16 fb.

w
w

______ H ———___H
b 2 b 2
a 1 a 1
______ H e ___H
b 2 b 2

00 )

Figure 5.2: Lowest-order Feynman diagrams for pp — Hjjj via VBF Higgs production. [142]

5.2.2 MC Event Reweighting

The simulated samples include other particles from multiple additional interactions recorded to-
gether with the interaction of interest in the same and neighboring bunch crossings, the so-called
pileup. The pileup distribution in MC samples does not precisely match the pileup distribution
during data taking, which depends on experimental parameters such as the beam conditions and
the instantaneous luminosity. For each year, corresponding simulation samples are reweighted to
match the pileup distribution in data. An example of reweighting procedure for 2018 data is shown
in Fig. 5.3.

In addition to the pileup weight, each event in the MC samples must be assigned a weight, which
relies on the process production cross-section (o), the integrated luminosity of data (L), and the
total number of events generated in the MC sample. The MC event is weighted by a factor (w)
given by .
o -
N (5.1)

w =

5.3 Physics Objects Selections

The present analysis is based on the reconstruction of the SM Higgs boson in the VBF production
channel and the decay chain H — ZZ — 4l. Therefore, the final state should consist of two pairs
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Figure 5.3: Distribution of pileup in 2018 Data and MC, before and after applying PU weights in comparison
with data.

of opposite-charged isolated leptons and at least two jets. This decay channel requires sensitivity to
a low mass Higgs, for which at least one of the leptons has a low pp; hence it requires very efficient
lepton reconstruction and identification. In the following sections, the selection criteria applied
to the physics objects: electrons, muons, and jets, as well as photons used for FSR recovery, are

presented.

5.3.1 Electrons

After the electron reconstruction process described in Section 2.4.3, we obtain a set of electron
candidates, which could be real electrons or fake objects that pass the electron reconstruction
process. The efficiency of electron reconstruction [143| is very high, which means that we lose
only a small fraction of real electrons, but there could be some fake electrons. Therefore, a set of
selection criteria is applied to the reconstructed electrons to reduce the number of fake objects while
preserving the real electrons as much as possible. The criteria applied to the electrons are described

below.

5.3.1.1 Electron kinematics and impact parameter cuts

The electrons are required to be within the detector acceptance ( |n| < 2.5) and have a transverse
momentum pr > 7 GeV to reduce the QCD background. Loose constraints are then used on the
impact parameter, which is the closest approach distance between the measured track of the electron
and the primary vertex of the event, to identify electrons originating from the primary vertex or a

secondary vertex:
|dzy] < 0.5 cm and |d.| < 1 cm.

where d, and d, are the electron transverse and longitudinal impact parameters with respect to
the primary vertex, respectively. The electrons passing the mentioned cuts are referred to as loose

electrons.
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To ensure that the leptons are consistent with a common primary vertex (PV), explained in Sec-
tion. 6.1.2, we require that they have an associated track with a small impact parameter with respect
to the primary vertex of the event. Therefore, the significance of the impact parameter to the event

vertex is required to satisfy,
_ 1P
|SIP3D = TIP‘ <4

where IP is the lepton impact parameter in three dimensions at the point of closest approach with
respect to the primary interaction vertex, and orp is the associated uncertainty. By applying these
cuts, we can suppress the background electrons originating from the displaced vertices. Electrons

satisfying this cut are defined as primary electrons.

5.3.1.2 Electron Identification and Isolation

The reconstructed electrons are identified and isolated using a distributed gradient boosting library
optimized for eXtreme Gradient Boosting (XGBoost) [144], designed to be highly efficient, flexible,
and portable. It implements machine learning algorithms in the Gradient Boosting framework and
exploits observables from the electromagnetic cluster, the matching between the cluster and the
electron track, observables based on tracking measurements, as well as particle-flow (PF) isolation

sums. The list of observables used in training is summarized in Table 5.3.

Feeding the XGBoost with this wide range of variables allows it to distinguish between a good
electron and hadronic jets that can mimic the electron signature in the detector and reduce the
number of fake electrons, especially in the low pr region without a large impact on the signal

efficiency.

The classifier is trained on a DY with jets MC sample, where reconstructed electrons with a geo-
metrical match with generated electrons originating from Z represent signal (real electrons), and the
reconstructed electrons that don’t match generated electrons originating from the Z are considered
as backgrounds (fake electrons). The signal electrons from the Higgs and DY samples have the same
kinematics since the electrons come from Z decay in both samples. Fig. 5.4 shows an example for
the output of the multiclassifier discriminant, i.e., MVA score for prompt electrons from DY events

and misidentified electrons originating from jets in DY events.

The training has been done in different bins of electron’s pr to improve the identification perfor-
mance and different bins of electron’s 7 since the electron reconstruction is done separately for barrel
and endcap regions. Tables 5.4, 5.5, and 5.6 summarize the cuts values applied to the MVA output
for 2016, 2017, 2018 training, respectively. The loose electrons used in the VBF Higgs analysis have

to pass this MVA identification and isolation working point.

5.3.1.3 Electron Efficiency

The efficiency of the cuts could behave differently in data and simulation, and therefore these dif-
ferences in efficiency need to be investigated and quantified. Reliable measurement of the efficiency

of electron reconstruction, identification, isolation, and impact parameter cuts with both data and
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[ observable type

observable description

cluster shape

RMS of the energy-crystal number spectrum along 1 and ¢; Ginin, Tipie

Super cluster width along 1 and ¢

Ratio of the hadronic energy behind the electron supercluster to the supercluster energy, H/E
Sum of the seed and adjacent crystal over the super cluster energy Rg

Energy fraction in pre-shower (used for endcap training bins:) Eps/Eraqw

Circularity (Esxs — Esx1)/Esx5, where (Esx5 represents the energy computed in the 5 x 5 block
of crystals centered on the highest energy crystal of the cluster seed, and E5x1) is the

energy calculated in the strip of crystals containing it.

track-cluster matching

Ratio between the energy of the ECAL cluster closest to the electron track extrapolated

to ECAL and the track momentum at the outermost track position Eejc/Pout-

Ratio between the supercluster energy and the track momentum at the innermost track

position Fiot/pin.

Deviation of the supercluster energy from the electron momentum obtained by combining ECAL
and tracker information 1/FEtot — 1/Din-

Pseudorapidity (Azimuthal) distance between the energy weighted position of the supercluster
and the track position extrapolated from the innermost track position An;p (Airn)
Pseudorapidity distance between the seed cluster position and the electron track

extrapolation to the ECAL Angeeq-

tracking

Fractional momentum loss fyrem = 1 — Dout/Pin
Reduced x? of the KF and GSF track XJQI{F’ XéSF
Number of hits of the KF and GSF track Nxr, Ngsr
Probability transform of conversion vertex fit x2
Number of expected but missing inner hits

isolation

Particle-flow photon isolation sum
Particle-flow neutral hadrons isolation sum
Particle-flow charged hadrons isolation sum

For PU-resilience

Mean energy density in the event: p

Table 5.3: Overview of input variables to the identification classifier.

2016 Datasets
minimum BDT score | |n| < 0.8 0.8 < |n| <1.479 |n| > 1.479
5 < pr <10 GeV 0.9503 0.9461 0.9387
pr > 10 GeV 0.3782 0.3587 -0.5745

Table 5.4: Minimum BDT score required for passing the electron identification used for VBF Higgs analysis,

for 2016 samples.

2017 Datasets
minimum BDT score | [n| < 0.8 0.8 < |n| <1.479 |n| > 1.479
5 < pr <10 GeV 0.8521 0.8268 0.8694
pr > 10 GeV 0.9825 0.9692 0.7935

Table 5.5: Minimum BDT score required for passing the electron identification used for VBF Higgs analysis,

for 2017 samples.

2018 Datasets
minimum BDT score | |n| < 0.8 0.8 < |n| <1.479 |n| > 1.479
5 < pr <10 GeV 0.8956 0.9111 0.9401
pr > 10 GeV 0.0424 0.0047 -0.6042

Table 5.6: Minimum BDT score required for passing the electron identification used for VBF Higgs analysis,

for 2018 samples.

MC is obtained using the tag and probe technique, explained in Section 3.3. These measurements

are then used to build data/MC scale factors to correct the simulation.

The electron efficiency is measured in two steps: firstly, the electron reconstruction efficiency €,eco

is the GSF tracking efficiency calculated as the ratio of superclusters reconstructed as electrons
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Figure 5.4: The output of the multiclassifier discriminant for prompt electrons matched to truth elec-
trons from Z decay (blue) and for misidentified electrons (red). Drell-Yan with jets MC sample is used in
training. [122]

(passing probes) to the superclusters (all probes). Then, the electron selection efficiency €eireco i
measured as the selection cut efficiency on the electrons that have already passed the reconstruction
step. The electron selection efficiency is measured as a function of the electron pr and its 7°¢,

separately for gap electrons and non-gap electrons.

Fig. 5.5 shows an example of the electron reconstruction efficiency in 2017 data as a function of
electron pr and Fig. 5.6 shows the electron selection efficiency as a function of electron pr for
non-gap electrons (left) and gap electrons (right), together with the corresponding data/MC ratio
(bottom).

5.3.2 Muons

Following the muon reconstruction process described in Section 2.4.2, we obtain a set of muon
candidates, which could be real muons or fake objects that pass the muon reconstruction process.
The efficiency of muon reconstruction [73] is very high, which means that we lose only a tiny fraction
of real muons, but there could be some fake muons. Therefore, a set of selection criteria is applied
to the reconstructed muons to reduce the number of fake objects while preserving the real muons

as much as possible. The criteria used for the muons are described below.

5.3.2.1 Muon kinematics and impact parameter cuts

As for the electrons, all muons should be in the detector acceptance || < 2.4 and have pr > 5
GeV. The pr cut for muons is slightly lower than for electrons because the reconstruction of muons

with low pp is somewhat more efficient and thus lower momentum values can be measured. To
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Figure 5.5: Electron reconstruction efficiency as a function of electron pp in 2017 data (top) and data/MC
ratio (bottom). [145]

distinguish between real and fake muons (from cosmic rays or from in-flight hadron decays), the

muons should satisfy the impact parameters constraints:
|dzyl < 0.5 cm & |d,| < 1 cm & [SIP3p| < 4

where d;, and d, are the muon transverse and longitudinal impact parameters with respect to the
primary vertex, respectively, and SIP3p is the significance of the impact parameter. Muon passing

the kinematic and impact parameter cuts are marked as loose muons.

5.3.2.2 Muon Identification

Muons have to be reconstructed using either the Global Muon or the Tracker Muon algorithm, as
described in Section 2.4.2. Standalone Muon tracks that are reconstructed only in the muon system

are rejected.

Loose muons with pr below 200 GeV are considered as identified muons if they also pass the PF
muon ID described in Section 2.4.1. Loose muons with pr above 200 GeV are considered identified

muons if they pass the PF muon ID or the Tracker High-p7r ID whose definition is given in Table 5.7.

This relaxed definition is used to increase signal efficiency when searching for high masses. When a
very heavy resonance decays to two Z bosons, both bosons will be very boosted. In the lab frame,
the leptons coming from the decay of a highly boosted Z will be nearly collinear, and the PF ID loses
efficiency for muons separated by about AR < 0.4, which roughly corresponds to muons originating
from Z bosons with pr > 500 GeV.

An additional "ghost-cleaning" step is done in order to avoid the situation that a single muon

incorrectly is being reconstructed as two or more muons:

e Tracker Muons that are not Global Muons are required to be "arbitrated", i.e., assigned to at

least two segments in the outer muon detectors;
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Figure 5.6: The electron selection efficiency as a function of electron pr for non-gap electrons (left) and
gap electrons (right), and the corresponding data/MC ratio (bottom). [122]

Requirements Description
Good pr measurement pr/op, < 0.3
Muon station matching Muon is matched to segments in at least two muon stations

Vertex compatibility (x-y) | dyy < 2mm

Vertex compatibility (z) d, < bmm

Tracker hits Hits in at least six tracker layers
Pixel hits At least one pixel hit

Table 5.7: The requirements for a muon to pass the tracker high-py ID.

e If two muons share 50% or more of their segments, the muon with the lower quality is removed.

5.3.2.3 Muon Isolation

For the muons, a PF-based isolation is applied. The so-called AS correction is used to subtract the

pileup contribution for the muons by using the AS correction, where

charged had.

Aﬁ:%- > opr (5.2)

PU

gives an estimate of the energy deposit of neutral particles (hadrons and photons) from pileup

vertices. The relative isolation for muons is then defined as:

Zchm‘ged had. pr - mam_(zneutral had. Ep + thoton Er — AP, 0)

lepton
br

RelPFiso =

(5.3)

The operating point for the isolation of muons was set as RelPFiso (AR = 0.3) < 0.35.
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5.3.2.4 Muon Efficiency

The muon efficiencies are measured using the Tag and Probe (T&P) method (see Section 1) on
Z — ptp~ and J/¥ — ptu~ events in bins of pr and 1. The Z sample is used to measure the
efficiency of muon reconstruction and identification at high pr and the efficiency of isolation and
impact parameter requirements at all pp. The J/¥ sample is used to measure the reconstruction

efficiency at low pp, as it benefits from better purity in this kinematic range.

The muon tracking efficiency ¢, was evaluated using Z — p*p~ events. The probe is
defined as tracks reconstructed in the muon system "standalone muon", and the passing probes are
the standalone muons that match a track that fulfills minimum quality requirements. For pr >
10 GeV, the "all-tracks" are used for matching, while for pr < 10 GeV, the "tracker-only seeded

tracks" are used. Full details of this measurement and the results are described in Chapter 3.

The reconstruction and identification efficiency €4, results for muons with pr > 20 GeV
were derived from Z — ptu~ events. The probe in this measurement are tracks reconstructed in
the inner tracker, and the passing probes are the tracks reconstructed as global or tracker muon
(defined in Section 2.4.2). The efficiency for low py muons was derived from J/¥ — p*pu~ events,
using the same definitions of probe and passing probes. The systematic uncertainties are estimated
by varying the analytical models for the signal and background shapes to fit the invariant mass of

the dimuons. Details on the procedure can be found in Ref [146].

The Impact parameter efficiency €,,;q measurement is performed using Z — pt T events.
In this measurement, the probe is a muon that satisfies the loose identification criteria, and it is

considered a passing probe if it passes the SIP3p, d,, and d. cuts of this analysis.

The isolation efficiency ¢, is measured using events from the Z — p+u~ events decay. The

Sip
isolation of muons is calculated after recovering the FSR photons, described in Section 5.3.3, and
after subtracting their contribution to the muon isolation cone. A more detailed description of the

method can be found in Ref. [147].

The overall scale factors provided by the data to MC simulation efficiency ratio are shown in
Fig. 5.7, estimated as the product of all the data to simulation scale factors for muon tracking,

reconstruction, identification, impact parameter, and isolation requirements.

€ = €trk X €id|trk X €siplid X €iso|sip (5.4)

The overall correction is about 1% for most pr and 7 values, increasing to about 2% for muons
below 10 GeV or with |n| > 2.

5.3.3 Photons and FSR Recovery

Identifying photons coming from FSR is very important in this analysis for two main reasons: the

inclusion of the FSR photons in the calculation of the four leptons invariant mass leads to a sharper
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Figure 5.7: Overall data to simulation scale factors for muons, as a function of pr and 7, for 2016 (top-left),
2017 (top-right), and 2018 (bottom). [122]

peak for the Higgs boson signal, in addition, removing FSR photons from the isolation cone of the

leptons improves the selection efficiency [148].

The selection of FSR photons is performed for each lepton and does not depend on any Z mass
criterion, thus simplifying the subsequent ZZ candidate building and selection. Starting from the
collection of photons provided by the PF algorithm (PF photons), the selection of photons and their

association to a lepton proceeds as follows:

1. The pre-selection requirements: the PF photons are required to have pJ. > 2 GeV, 7] < 2.4.
PF isolation in a cone of size AR = 0.3 around the photon is required to be less than 1.8,
where the PF isolation for photon is defined as for the muon in equation 5.3. The PF isolation
requires a threshold of 0.2 GeV on charged hadrons with a veto cone of 0.0001 and 0.5 GeV on

neutral hadrons and photons with a veto cone of 0.01, including the contribution from pileup
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vertices (with the same radius and threshold as per-charged isolation).

2. Supercluster veto: All PF photons that match any electron passing both the loose ID and
SIP constraints, defined in Section 5.3.1 are removed. The matching is performed by directly

associating the two PF candidates.

3. Photons are associated to the closest lepton in the event among all those that pass both the
ID and SIP cuts.

4. Photons that do not satisfy AR('y,l)/E%W < 0.012 and AR(~,l) < 0.5 are discarded.

5. If more than one photon is associated with the same lepton, we select the one with the lowest
AR(1,)/B},,.

6. Each selected FSR photon is removed from the isolation sum for each lepton pass both the
loose ID and SIP cuts. This concerns the photons that are in the isolation cone and outside

the isolation veto of these leptons.

More details on the optimization of the FSR photon selection can be found in Ref. [146, 147].

5.3.4 Jets

The prominent feature of the searched signal is the presence of two energetic jets originating from
light-flavoured quarks, which are typically two valence quarks from each of the colliding protons
scattered away from the beamline and inside the detector acceptance by the VBF process. There-
fore, these VBF “tagging” jets are roughly expected in the forward region of the detector. The

identification, isolation, and energy corrections for jets are described in this section.

5.3.4.1 Jet Identification

The reconstruction of Jets is done by clustering charged and neutral hadrons with the anti-kp
algorithm, explained in Section 2.4.5, with a distance parameter of 0.4. The jet four-momentum
is estimated as the vectorial sum of all clustered PF candidates four momenta in the jet and is
calculated from simulation to be within 5 to 10% of the true momentum over the entire detector

acceptance and pp spectrum.

Additional proton-proton interactions within the same or nearby bunch crossings can introduce
additional tracks and calorimetric energy depositions to the jet. To alleviate this effect, tracks
originating from pileup vertices are discarded, and an offset correction is applied to correct the

residual contributions.

To account for the jets that may be dominated by reconstruction failures or anomalous contributions
from the different subdetector components, we applied additional selection criteria on jets kinematic
variables and isolation to be considered in this analysis. Jets are required to have pjTe "> 30 GeV,
/€| < 4.7 and be separated from all selected lepton candidates and any selected FSR. photons by
AR(£/~v, jet) > 0.4. In addition, jets are required to satisfy the tight identification criteria and the
tight jet pileup identification working point described in Ref. [149].
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5.3.4.2 Jet Energy Corrections

The response of the calorimeter to particles is not linear, and it is not straightforward to convert
the measured jet energy to the actual particle or parton energy; therefore, we need a Jet Energy
Correction (JEC). The JEC is derived from the simulation to match that of particle level jets on
average. In this analysis, standard jet energy corrections are applied to the reconstructed jets as
described in Section 2.4.5.

Moreover, momentum balance measurements in Z -+ jet, photon + jet, dijet, and multijet events are
used to account for any residual differences in the jet energy scale in data and simulation. Smearing
for the jet energies in the simulation is done to match the data resolution. The jet energy resolution
typically amounts to 16% at 30 GeV, 8% at 100 GeV, and 4% at 1 TeV.

5.3.4.3 B-tagging

Jets from the b-quarks hadronization are distinguished using a deep neural network (DeepCSV),
which receives the following inputs: jet kinematic variables, displaced tracks from the primary
interaction vertex, identified secondary vertices, and related information about the presence of soft
leptons in the jet [150]. Three working points are defined: loose, medium, tight, corresponding to

10, 1 and 0.1% probability of misidentifying a light-flavour jet with py > 30 GeV, respectively.

In this analysis, a jet is considered b-tagged if it passes the medium working point greater than
0.6321, 0.4941, and 0.4184 for 2016, 2017, and 2018, respectively.
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Chapter 6

VBF Analysis Strategy

The physics of interest for the present analysis is the VBF Higgs boson production in the H —
Z7Z — 4l (I = e, pu) channel. Some SM processes are expected to have a similar final-state topology
as the signal and are considered background in the VBF analysis. A typical analysis in particle
physics aims to reject these background processes as much as achievable to increase the signal

significance. The strategy followed in this analysis is outlined below:

e Most of the collision events from uninteresting processes are removed by the CMS HLT system
as discussed in Section 5.1, where dedicated trigger paths are defined in the trigger system
to single out the events with the required detector signature for the search presented in this

thesis.

e The typical physics objects, which are the result of the VBF interaction, are electrons, muons,
and jets. The reconstruction of these objects has been done according to the recommendations

from physics object groups as described in Section 5.3.

e Then the selections performed in this analysis are designed to reconstruct a final state with
four charged leptons (4u,4e, or 2e2u) and at least two jets. The four-lepton system was
designed to reconstruct the Higgs boson and has synchronized to the one used to discover the

Higgs in the ZZ—4l channel (see Section 6.1).

e A reliable background estimation is performed in order to ensure an accurate assessment
of all possible background processes. In this analysis, two types of backgrounds have been
considered: “irreducible backgrounds” are estimated from MC simulations and “reducible back-

ground” is estimated using a data-driven method, explained in Section 6.2.

e In order to check whether or not the data agrees with the expectation from the simulation,
validation plots are made for kinematic distributions of relevant variables, comparing data to
the signal and background expectation from simulation. Three control regions were defined

to control our observables, defined in Section 6.3.

e The extraction of the VBF signal is done utilizing machine-learning techniques. In order to
optimize the analysis and adequately handle the usage of the third jet in the events, two
jet-based categories have been defined. For each category, a NN was developed, detailed in

Chapter 7.
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e A reliable evaluation of the systematic uncertainties that affect the analysis is done, and their

impact has been studied, presented in Section 8.1.

e Finally, shape analysis is performed on the VBF ANN discriminants, separately for each jet-
based category and their combination. The VBF Higgs boson signal is extracted using the

profile likelihood asymptotic approximation, as explained in Section 8.3.

6.1 Event Selection

After selecting all the objects needed to perform the analysis as detailed in Chapter 5, all the stones
have to be put together to choose the events of interest. This section will describe the event selection
strategy based on a cut-based approach applied to some observables that can separate the VBF

Higgs signal from background processes.

6.1.1 Trigger Selection

Most of the collision events from uninteresting processes are removed by the CMS HLT - trigger
system, as described in Section 2.3.2, and the dedicated trigger paths are defined in the trigger
system to single out the events with the required detector signature for the search presented in this
thesis (see Section 5.1). Furthermore, to ensure the full trigger efficiency, the offline py threshold for
electrons and muons is chosen to be higher than that used in online triggers. For simulated samples,
the event is considered when it passes one of the trigger paths. However, for data, double counting
of the same event has to be considered. To avoid double-counting, events that have already been

selected in another data set are vetoed in a given data set.

6.1.2 Vertex Selection

Vertex reconstruction [63] aims to measure the position of all proton-proton interaction vertices
in each event, including the PV and vertices originating from pileup collisions, using the available
reconstructed tracks. The PV refers to the position where the hard scattering or proton-proton
collisions occur, while the secondary vertices arise from the decay of long-lived particles created

from the PV, such as b-jets. The reconstruction of the vertices consists of three steps:

e Selecting tracks consistent with having been generated in the primary interaction region by
imposing some requirements on the tracks, such as the track impact parameter relative to the

centre of the beam spot, the number of strips, and pixel hits y?.

e The clustering of tracks that appear to originate from the same interaction vertex is based on

the z-coordinates at their point of closest approach to the centre of the beam spot.

e The fitting of the position of each vertex based on the associated tracks.

In this analysis, the events are required to have at least one good PV fulfilling the following criteria:
high number of degree of freedom (Npy > 4), collisions restricted along the z-axis (zpy < 24 cm)
and small radius of the PV (rpy < 2 cm).

If more than one primary vertex is reconstructed, the vertex with associated tracks with the highest

sum of the square of the transverse momenta is considered as the primary vertex.
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6.1.3 ZZ Candidate Selection

The four-lepton candidates are formed from selected leptons, i.e., the tight leptons (defined in
Sections 5.3.1 and 5.3.2) that satisfy the SIP3p vertex constraint and the isolation cuts. FSR
photons are subtracted as described in Section 5.3.3. In addition, lepton cross-cleaning is performed

by discarding electrons within AR < 0.05 of selected muons.

The construction and selection of four-lepton candidates proceed, as the one used to discover the

Higgs in the ZZ—4l channel, according to the following sequence:

1. Z candidates: are defined as all possible pairs with opposite charges and the same flavour
of selected leptons (ete™, utp™) that satisfy 12 < my,) < 120 GeV /c?, including the FSR
photon if it exists. The di-lepton invariant mass distributions for each year of Run 2 are shown
in Fig. 6.1. Data is represented by black dots, while the different backgrounds that affect the
analysis in this phase space are shown in coloured histograms. The dominant background at
this step of the analysis is the DY process. The plots show a good agreement between data
and MC.

2. Z7Z candidates: are built from a pair of Z candidates that do not share the same lepton (non-
overlapping). The Z candidate with invariant mass my() closest to the nominal Z boson mass
is indicated as Z; and the second one is the Zs. This step eliminates most of the contribution
coming from Z-+jets, WZ and tt backgrounds. The reconstructed ZZ candidates are required

to satisfy the following list requirements:

(a) Ghost removal: any two leptons must satisfy AR(n, ¢) > 0.02 to avoid reconstructing

a single object as two or more objects.

(b) Lepton pr: at least two out of the four selected leptons must have p%ﬂ > 10 and p% > 20
GeV.

(¢) QCD suppression: all opposite-sign lepton pairs that can be formed from the four
leptons (regardless of the lepton flavour) must satisfy my > 4 GeV. Here, the selected
FSR photons are not included in the mass calculation since QCD-induced low mass

dilepton resonances, such as J/¥, may have nearby photons from the 70 decay.
(d) Z; invariant mass: myz, > 40 GeV.

(e) Smart cut: defining Z, and Z, as the mass-sorted alternative pairing Z candidate (Z,
being the closest one to the nominal Z mass), require NOT(jmz, — mz| < |mz, — mz|
AND my, < 12). Selected FSR photons are included in the my’s calculation. This cut
discards 4 and 4e candidates which have the alternative pairing similar to an on-shell

Z + a low-mass pair [T]™.
(f) Four-lepton invariant mass: my > 70 GeV.
3. Choice of the best ZZ candidate: if more than one ZZ candidate survives the previous

selections, we choose the pair with myz; closest to the nominal Z mass and myzo with the

largest scalar sum of the leptons pr.
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Figure 6.1: Di-lepton invariant mass distributions for 2016 (top-left), 2017 (top-right), and 2018 (bottom).
Data represented by black dots and simulation represented by coloured histograms.

The reconstructed four-lepton invariant mass distribution is shown in Fig. 6.2 for the full Run 2
dataset, compared to the expected backgrounds, for the full mass range and zooming on the low-
mass range. In Fig. 6.3, the same distributions are shown for each year of Run 2 for the same two

mass ranges.

Events containing at least one ZZ candidate satisfying all the previous selections are used to tag
the Higgs decaying into a four-lepton final state. In order to enhance the presence of VBF events
over the other SM Higgs production modes, additional cuts are applied, as described in the next

section.

6.1.4 VBF Signal Region

In order to optimize the analysis for the VBF production mode, further requirements are imposed
on the events passing the selection criteria described in the previous section. These additional

selections are:

e Number of jets: exploiting the existence of two energetic jets in the final state of our signal
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Figure 6.2: The four-lepton invariant mass distributions after the full four leptons selection for the combined
Run 2 for the full mass range (right) and low mass range (left). The distributions include the Z + X
background estimated by the data-driven method explained in Sec. 6.2.2.

that can be used to tag the events; hence we require the event to have

— EITHER, two or three jets from which at most one b-tagged jet;
— OR, more than three jets with no b-tagged jet;

passed the jet identification criteria described in Section 5.3.4.

e Four-lepton invariant mass: events must have 118 < my < 130 GeV. This cut is power-
ful to discriminate the VBF signal from the SM backgrounds, such as the non-resonant ZZ
background.

e Number of leptons: requires exactly four leptons passed the tight selection criteria described
in Sections 5.3.1, 5.3.2. This cut reduces the contribution of processes with more than four
real leptons in the final state, such as tt+VV(V), VVV, ZH, WH, and ¢¢tH.

The four-lepton invariant mass distributions for the events passing the VBF signal-region selections
are shown in Fig. 6.4. The Z+X background is estimated by the data-driven method explained in
Section 6.2.2.

6.2 Background Estimation

A reliable background estimation is crucial in any physics analysis to ensure an accurate assess-
ment of all possible background processes. In this analysis, two types of backgrounds have been
considered: “irreducible background”, which represents all the processes that yield the same final
state as the signal, and ‘“reducible background”, which represents all the processes that do not have
the same final state as the signal process but can mimic the final state of the signal due to the

misreconstruction of physics objects in the detector.
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Figure 6.3: The four-lepton invariant mass distributions after the full four leptons selection for 2016 (top),
2017 (middle), and 2018 (bottom) datasets for the full mass range (right) and low mass range (left). The
distributions include the Z 4+ X background estimated by the data-driven method explained in Sec. 6.2.2.
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Figure 6.4: Final four-lepton mass distributions for the events passing the VBF-SR selections (a) 2016,
(b) 2017 and (c) 2018 and, (d) the combined Run 2. included the Z + X background estimated by the
data-driven method explained in Sec. 6.2.2.

6.2.1 Irreducible Backgrounds

The irreducible backgrounds for this analysis are composed by the three SM Higgs production
modes, gluon fusion (ggH) and associated vector (WH, ZH and ttH), and the SM backgrounds
qq — ZZ, gg — ZZ. These backgrounds are estimated from MC simulations, as revealed in this

section.

¢ SM Higgs Production Modes
The SM Higgs production modes (ggH, WH, ZH, and ttH), decaying to ZZ bosons, represent
the dominant background for this analysis. They are estimated from simulation by normal-

izing the yields according to the cross-sections times the branching ratio fractions (listed in

Table. 5.2).

e Modeling of qq — ZZ
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The qq — ZZ background events are generated at NLO accuracy. The fully differential cross-
section is computed at NNLO, which is not yet available in a partonic level event generator.
Consequently, NNLO/NLO k-factors are applied to the q¢ — ZZ NLO POWHEG sample as
function of myzyz [122]. Additional NLO electroweak corrections, which depend on the initial
state quark flavour and kinematics, are also applied in the mass range of mzz > 2myz, where

the corrections have been computed [122].

e Modeling of gg — ZZ
The gg — ZZ background is generated at LO with the generator MCFM 7.0 [133]. This
background does not have exact calculations beyond LO. However, it has shown that the soft
collinear approximation can describe such background cross-section and the interference term
at NNLO [151]. In addition, the k-factors are very similar at NLO for gg — H and gg — ZZ,
and at NNLO gg — H and the interference terms [152]. Because of that, the same k-factor is

used for both samples.

6.2.2 Reducible Background

The system commonly referred to as Z+X is a reducible background in the VBF H — Z7Z — 41
analysis. It originates from processes containing one or more non-prompt leptons in the four-lepton
final state. Non-prompt leptons are mainly non-isolated leptons that can originate from the decay
of heavy-flavour mesons, misreconstructed jets (usually originating from light-flavour quarks) and
electrons from 7 conversions. Such non-prompt leptons are usually referred to as “fake” leptons.
The main processes that lead to these backgrounds are Z-+jets, tt, WZ, ZZ, Z~ production. The
estimation of such a background in the VBF H — ZZ — 4l analysis is done by measuring the f, (f,)
probability that fake electrons (fake muons) passing the loose selection criteria to also pass the final
selection criteria (the tight selection). These probabilities are called fake ratios or fake rates and
are applied to two defined control regions (CRs) to extract the expected Z+X yield in the signal
region. The following sections describe the steps required to estimate the Z+4X yield and shape in

this analysis.

6.2.2.1 Measuring the Fake Rates

To measure the leptons fake rates, we build a Z(¢¢) + e + at least 2 isolated jets, and Z(¢0) + p +
at least 2 isolated jets control regions that are expected to be completely dominated by final states

which include a Z boson, a fake lepton and at least two jets isolated with respect to the leptons.

The events that populate the defined control regions should satisfy the following requirements:

e The leptons forming the Z must be an opposite sign, same flavour and have pp > 20(10) GeV.

The FSR photon is included in Z reconstruction if it exists.

e The third lepton (e/u) has to pass the loose selection (kinematic and impact parameter cuts);

this lepton is used as the probe to compute the f. and f, probabilities.

e The invariant mass given by the fake lepton and the opposite-sign tight lepton composing the

Z is required to be my > 4 GeV to reduce QCD contamination.
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e In order to suppress contamination from -« conversions to electrons, the invariant mass of the

two leptons composing the Z must satisfy |my, —mz| < 7 GeV.
e AR > 0.02 between any of the three leptons.

e The missing transverse energy in the event is required to be ng”ss < 25 GeV to suppress the

contribution from the WZ process, which has three real leptons in the final state.

The fake rate is parameterized in terms of the probe lepton pr and 7. Figs. 6.5 - 6.7 show the fake
rate estimation separately for electrons and muons in terms of py and 1. The points with solid
error bars are the fake rates computed directly from the procedure described above. As the WZ
background potentially contributes with three real leptons and such background is already included
in the analysis via MC, it needs to be subtracted from the estimation. The resulting FR after this

subtraction is shown by the points with dotted error bars.

With the requirement of two isolated jets, we force the probe lepton to be far away from jets, elimi-
nating most of the events with a fake object coming from the surroundings of the jets. Consequently,
lowering the fake rate probability, especially at low pp, where most bjets are miss-reconstructed as
leptons.

Now, as one can see, there is a significant dependence between the FR’s and the (pp, n) of the loose
leptons. For this reason the final parameterization of the FR’s is made as a function of these two
variables and it is shown in the Figs. 6.8 - 6.10. The muon case is worse than electron due to low
statistics in data. The values of the fake rates are used to weigh the events populating the control

regions defined in the next section.

6.2.2.2 Building Control Regions

In order to apply the previously described fake rates, two control regions are defined, requiring
events with two leptons passing the selection of the first Z (tight leptons) and a pair of loose
leptons of the same flavour, opposite charge and passing the loose selection cuts. In addition, we
require the existence of two jets that satisfy the identification criteria for jets and are isolated from
the other objects in the event, as described in Section 5.3.4. These events must also satisfy all the

kinematic cuts applied for the selection of the Higgs phase space (see Section 6.1).

The first control region is then built by requiring that the two loose leptons do not pass the final
identification and isolation criteria. This control sample is occupied with two Prompt leptons, two
Fail leptons, and two jets, referred to as “2P2F” from now on. It is expected to be populated by

events that have only two prompt leptons: mostly Z+jets, tt and Z~.

The second control region is obtained by requiring that just one of the four leptons does not pass
the final identification and isolation criteria. The remaining three leptons in the event should pass
those selections. This control sample is occupied with Three Prompt leptons, one Fail lepton, and
two jets, referred to as “3P1F” from now on. The events appearing in this control region are the
same in the 2P2F, with different relative proportions, plus WZ events, which are expected to have

three prompt leptons.

These two control regions, enriched by fake leptons, are orthogonal to the Higgs signal region and

are used to estimate the yields and shape of the Z+X background in the signal region.
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Figure 6.5: Fake rates for 2016 dataset are shown in terms of the lepton probe pr (top) and n (bottom).
The pr distributions (barrel and endcap) corresponds to the regions defined by |n| < 1.479 (1.2) for electrons
(muons). The fake rates are shown before (solid lines) and after (dotted line) removal of WZ contribution
from MC.
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Figure 6.8: Fake rates for 2016 dataset as a function of the probe lepton pr and n. The background W2
from MC has been subtracted. This is the mapping for fake rates applied into the control regions.
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Figure 6.9: Fake rates for 2017 dataset as a function of the probe lepton pr and n. The background W2
from MC has been subtracted. This is the mapping for fake rates applied into the control regions.

Electrons Muons

0
6 7 8 910 20 30 40 50 pG?G-@l) 6 7 8910 20 30 40 50 [P?G.feql)

Figure 6.10: Fake rates for 2018 dataset as a function of the probe lepton pr and n. The background W2
from MC has been subtracted. This is the mapping for fake rates applied into the control regions.

95



6.2. Background Estimation

Channel du de 2e2p 2u2e 41
2016 0.2940.05 | 0.10+£0.05 | 0.19£0.04 | 0.02£0.02 | 0.61£0.09
2017 0.20+0.05 | 0.04+£0.03 | 0.18+0.05 | 0.03£0.02 | 0.44£0.08
2018 0.23£0.05 | 0.06£0.04 | 0.21£0.05 | 0.09£0.06 | 0.58+0.10

Table 6.1: Yields estimated for Z+4X in the signal region from the measurements on data using the fake
rate method. Estimates reported with statistical uncertainties.

6.2.2.3 Final Z7+X estimation

The expected number of reducible background events in the 3P1F control region can be computed

by weighting each event observed in the 2P2F control region with the factor (7 Ji At lf Jf ), in which

the f’s correspond to fake rates of each loose lepton:

N fi fi \n 6.1

3P1F — Z(l—fi—i_l—f]) 2P2F (6.1)
If the fake rates were measured in a sample having the same background composition as the 2P +2F
sample, the difference between the observed number of events in the 3P+1F sample and the expected
background predicted from the 2P + 2F sample would only account for the (small) contribution of
WZ and Z~cony-

properly account for the background composition of the 2P + 2F' control sample.

Significant differences arise because the fake rates used in equation 6.1 do not

In order to correct those discrepancies and correctly estimate the Z+X background, one needs two

components:

e a component directly from 2P2F, computed by weighting each observed event in the 2P2F

control region using the factor (7 Li T f jfj ), in which the f’s are the fake rates of loose leptons

as explained before;

e a component from 3P1F, obtained by the difference between the observed events in 3P1F
(N3p1r), the expected contribution from 2P2F and from ZZ in the signal region (N?,ZP‘ZlF +
N?l:%qu). The ZZ contribution is taken from the MC simulated events selected in the 3P1F
control region. The Né’f;gl p is the 3P1F extrapolation from 2P2F as discussed above.

The final expression for the estimation of Z-+X can be then symbolically represented as,

bk i bk f
NG = Z = (N3pir — Nypip — Nipip) Z 1- fZ B _ij)N2P2F (6.2)
which is more conveniently expressed as,
NP _ (1 Niie, N~ fa fF o fe (6.3)
Sk N3pir (1= 12 =)= 1)

Equation 6.3 represents what has been done to estimate the Z+X background contribution in this
analysis. The Z+X event yield in the signal region is obtained after applying the additional cuts of

the selection; yields obtained are shown in Table. 6.1.
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6.2.2.4 Uncertainties on the estimation of Z-+X

The statistical uncertainty on the Z+X estimation comes from the limited number of events selected
in the control regions where one measures and applies the fake ratio methods. The systematic
uncertainty arises because the composition of reducible backgrounds in the control regions where
one measures and applies the fake ratios is usually not the same, representing the main source of
systematic uncertainty of the fake ratio method. This uncertainty is estimated in the following
steps: First, measuring the fake rates for each background process (Z+jets, tt, WZ, ZZ, Z~) using
MC and applying the selections explained in the Section 6.2.2.1 to obtain samples of Z + [. Then,
one defines the fake rates for simulation by computing the weighted average of those individual fake
rates. Second, one reweights the individual fake rates using the expected yields of the reducible
backgrounds selected in the 2P2F control region. Then, one applies the average and the reweighted
fake rates in order to get the final yields of Z+X and finally, the difference between them is used
as an estimation of the uncertainty on the measurement of fake rates. This uncertainty amounts to
about 30 - 41 % [122], depending on the final state and each year of data taken.

6.3 Control regions

To check whether or not the data agrees with the expectation from the simulation, validation
plots are made for kinematic distributions of relevant variables, comparing data to the signal and
background expectation from simulation. Several observables are studied at different selection steps

of the analysis; mainly, three control regions were defined to control our observables:

e 7 + at least two jets, this control region is built by requiring the presence of two leptons
forming a Z candidate and at least two jets, whose selection is added on top of the Z selection.
This control region is chosen to study the agreement between data and simulation for jet
observables used in the NN training (described in Chapter 7) in a region with enough statistics
up to the 37 jet.

o my < 118 or my; > 130 GeV, The four-lepton sidebands region is built with excluding the
mass window of the signal. The most important source of background in this region is the ZZ

non-resonant production; hence this control region helpful to study the lepton variables.

e my < 118 or my > 130 GeV + at least two jets, this sideband region is helpful to double-check

the jets observables in the same phase space of the analysis.

Figs. 6.11 - 6.13 show the transverse momentum of the leading jet (top), the next to leading jet
(middle), and the 3" jet (bottom) for 2016, 2017, and 2018, respectively; the distributions in the
control region 7Z + at least two jets shown on the left and the sideband region + at least two jets

on the right.

The quark-gluon likelihood of the leading jet is shown in Fig 6.14 in the control region Z + at least
two jets (left) and the sideband region + at least two jets (right) for 2016 (top), 2017 (middle),
and 2018 (bottom). The four leptons transverse momentum distribution is reported in the sideband
region in Fig. 6.15 for 2016 (top left), 2017 (top right) and 2018 (bottom).
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Figure 6.11: Transverse momentum of the jets for the 2016 dataset in the control region Z + at least two
jets (left) and the sideband region + at least two jets (right), for the leading jet (top), the next to leading
jet (middle), the 37 jet (bottom).
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Figure 6.12: Transverse momentum of the jets for the 2017 dataset in the control region Z + at least two
jets (left) and the sideband region + at least two jets (right), for the leading jet (top), the next to leading

jet (middle), the 37 jet (bottom).
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Figure 6.14: The quark-gluon likelihood of the leading jet in the control region Z + at least two jets (left)
and the sideband region (right) for 2016 (top), 2017 (middle), and 2018 (bottom).
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As can be seen from the plots, there is a good agreement between data and MC for the main

observables used in this analysis.
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Figure 6.15: Four leptons transverse momentum in the sideband control region for 2016 datasets (top left),

2017 (top right) and 2018 (bottom)
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Chapter 7

Extraction of the VBF Higgs signal with

machine learning techniques

Machine learning techniques have become increasingly powerful tools for binary classification prob-
lems in high energy physics, where the goal is to separate the signal from the background. These
algorithms can learn the characteristics of the signal and the background in multidimensional phase
space, using complex features and correlations among many variables to best estimate the physical
process from which a given event originates. This analysis uses Artificial Neural Networks (ANN)
to distinguish the VBF Higgs signal from the background. This chapter describes the general archi-
tecture of the ANN used, the learning process, the training strategy, the performance of the trained

ANN, and a comparison between data and simulation for the output discriminant.

7.1 Artificial Neural Networks

An artificial neural network [153, 154] is a set of assembly interconnected processing units, denoted
as nodes or neurons. Each of these neurons performs a specific operation and communicates its
output to each other. Such a design is inspired by the brain analogy, which can be thought of as a

nonlinear, parallel, and highly complex computer.

ANN can learn from patterns and generalize the modeling of these patterns. Therefore, it possesses
the ability to identify a pattern that the ANN has never seen during the learning process. The
neurons contain a function, called activation function, that can receive multiple inputs (arguments),
process them, and give a single output value (Fig. 7.1a). Several types of functions are available,
and selecting the best function relies on the problem’s nature. Different architectures can be used
for assembling the neurons. A typical ANN architecture can be seen in Fig. 7.1b. This type of ANN
is called Deep Neural Network (DNN) due to its multiple layers. Such an ANN has demonstrated
the ability to deal with very complex tasks.

7.1.1 The Learning Process

Machine learning algorithms are usually classified as unsupervised or supervised learning algorithms.

This distinction has practical consequences for what concerns their training time; however, both
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Figure 7.1: (a) Graphical illustration of an artificial neuron used in ANNs. Each input z; (coming from the
hidden neurons or provided by the user) is weighted by w; and added to a bias b. (b) Graphical illustration
of a DNN with two hidden layers.

kinds of algorithms are conceptually similar. Unsupervised learning algorithms only experience
"features" but no supervision signal, such as a target or label. This kind of learning can be used in
case it is not possible to label the objects (signal/background events) in the dataset. Nevertheless,
the ANN can still be trained to find out the likely patterns available in the dataset.

On the other hand, in supervised learning, the dataset is known to contain patterns, and these
patterns are known. The algorithm is often viewed as a function that maps the inputs to the
outputs. The algorithm consists in optimizing the function based on a criterion and finding the
best parameters. The labels can be selected arbitrarily. For instance, one can use 0 or 1 for the
labels of the examples for the classification tasks with two classes. Then, a function called loss
(or cost/risk) can be used in order to verify the performance of labels assignment. This function
measures the error between the ANN response and the expected result [154]. The output of the
loss function is the primary input used to modify the ANN parameters in order to develop the
modeling of the data furtherly. The adaption of the ANN parameters (Fig. 7.1a) is done by an
algorithm called back-propagation, which basically consists of an application of the chain rule for

partial derivatives.

Exemplifying such a process, let us consider a neuron j in one of the hidden layers of the ANN. The
weight assigned by that neuron j to an input y;(n) at a given iteration n is denoted by wj;; then

such neuron creates a local field presented by

vi(n) =Y wji(n)yi(n) + bj(n) (7.1)
i=1

where m represents the total number of inputs received by the neuron, and b;(n) is the so-called
bias. Then, the local field is passed to the activation function as an argument (described by f in

Fig. 7.1) that produces the signal function y;(n) of the neuron j at iteration n,

yj(n) = flov;(n)] (7.2)

It is possible to use the signal error ej(n) of the neuron j to compute its instantaneous error

(Eq. 7.3), defined as the difference between the neuron signal function y;(n) (the activation function
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7.1. Artificial Neural Networks

output) and the expected response d;(n). The expected response d;(n) can be the label identifying
a training example for neurons in the output layer or an actual response that a hidden neuron in
the intermediate layers should have, based on the example label. Eq. 7.3 is the core of the so-called
loss or empirical risk, and it is an example of loss function used here to exemplify the ANN learning

process, but there are other types, too.

ﬁﬂ

yq(n)

Neuron j

\

wy(n) = byn) diin)

{< wl) N\ fO ym)| -1 I
yiln)

&"”‘") /

Figure 7.2: The signal flow through the neuron j up to its instantaneous error e;. [154]

To summarize, the processes described so far can be graphically represented, as shown in Fig. 7.2.

1 :
E(n) = ie?(n), with ej(n) = dj(n) —y;(n) (7.3)
Now, taking the partial derivative of the loss, by applying the chain rule one gets,

0E(n)  0E(n) Oej(n) Oyj(n) Ovj(n)

= . 7.4
Owj;  0Oej(n) Oyj(n) Ovj(n) Ow;i(n) (7.4)
and replacing the derivatives accordingly,
dE(n) dej(n)
oe,m) 9T y,(n) (0
Jy; (n) . dv; (n) — .
one arrives to
o&m) " .
dwyy Y (n) f'loj(n)] yi(n). (7.9)
Finally, the correction applied to the weights wj; is given by
_BEm)
Awji(n) = — s (7.10)
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where the negative sign accounts for the descending gradient in the weights space (that is, it seeks
a direction in which the weight change leads to decreasing £(n)), where the 1 term is the so-called
learning rate of the back-propagation algorithm. Eq. 7.10 is the core of the synaptics (w;;) update
within the neural network. Substituting by Eq. 7.9 into Eq. 7.10 yields

_ )

Awji(n) = n §j(n) yi(n), with d;(n) = 0;(n) (7.11)

The term §;(n) is the local gradient. From this point on, there are two situations:
1. The neuron is located in the output layer: in such a case, that neuron is supplied by the labels

classifying the examples (which is its expected response d;) and thus, by Eq. 7.3, one has the

error and can compute the local gradient 6;(n);

2. The neuron is in a hidden layer, some complications arise but still Eq. 7.10 holds. Fig. 7.3
shows a schematic of the signal flow in this case. According to Eq. 7.11 and Eq. 7.6 it is

possible to redefine the local gradient for a hidden neuron j as

Neuron j Neuron k

N

wﬂ,(n} = b/(n) (i) = by(n) d)
K

v(n) fi () }‘kfjf) -1 o exn)
O O k

\\
o ,‘{{ w(n) v S |y gy wgln)

\ \. /

Figure 7.3: The flow of signal through a hidden neuron j up to its signal function y;(n) which is forwarded
as an input to an neuron k in an output layer. Note that, the activation function can now be different
between the layers and they are represented as f; and f; for the neurons j and k, respectively. [154]

0E(n) Oy;(n ,

0j(n) =— =———= f'lvi(n)]. 7.12

1) =50,y Dug(m) ~ gy T 2

From Eq. 7.3 and Fig. 7.3 it is clear that £(n) = (1/2) X ¢, . ¢ e2(n). Differentiating this expression

with respect to y;(n) one has

Q
g
S

0E(n) er(n dey(n) _ o Ber(n) Bup(n)
Guptn) ~ 20, ) Gy = 2 4l . (7.13)

Now, from Fig. 7.3 and the previous discussions, one sees that,
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ex(n) = dp(n) —yr(n) = dr(n) — filve(n)] (7.14)
dep(n) ,
Focl) = k() (7.15)
ve(n) = > wgi(n)y;(n) + b(n) (7.16)
j=1
dug(n) wer(m
dun) ki (1) (7.17)

and, using Eq(s). 7.15 and 7.17 into 7.13 one has

0&(mn) () o (¥ (g
ay;(n) sz:C k(n) filve(n)] wi;(n)
- - Z dr(n) we;j(n) (7.18)
keC

where the definition of the local gradient has been used. Finally, using Eq. 7.18 in 7.12, one finds

that the back-propagation formula for the hidden neuron j is

6j(n) = fi[vj(n)] Z dx(n) wyj, neuron j is hidden. (7.19)

keC
Note that the sum in Eq. 7.19 is over all the neurons in the output layer. Also, note that ex(n) can
be extended to internal layers, such that it will correspond to the signal errors coming from neurons

in the forward hidden layers.

7.2 Strategy for Developing and Training the Artificial Neural Net-

works

In this analysis, the base software used to build up and train the NNs is Keras [155]. Keras is a
widely used and powerful set of python libraries that can quickly create any known NN. It contains

sets of modules that simplifies much of the coding needed by the user.

7.2.1 Preparation of the Datasets

The neural networks were trained with the simulated samples described in Section 5.2, using only
with the events satisfying the selection criteria of VBF-SR. In order to optimize the analysis and
adequately handle the usage of the third jet in the events, two jet-based categories were defined,
henceforth referred to as “Njet2” and “Njet3”. The category Njet2 includes the events with exactly
two jets, while the category Njet3 consists of the events with at least three jets. For each category,
a ANN has been developed.

In order to ensure an adequate distribution of events after splitting to form the exclusive training
and testing sets, the following procedure was adopted for the VBF-SR events in each jet-based

category:
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1. Each simulated process contains three samples, one for each final state (4u, 4e, and 2e2u).
These three samples were merged into a single sample, with events from each final state being

randomized, such that the final states randomly populated the merged sample.

2. The merged and randomized samples for each process were divided into two parts, one for the

training and validation steps and the other for the testing phase.

The signal and background events used to extract the final results constitute the test dataset. The
training dataset is used to train the discriminator and is thoroughly orthogonal to the test dataset.
Whenever a discriminator is trained, an additional dataset is needed to verify its expected per-
formance; this step is called validation. The validation dataset must be independent of both the
training and test datasets. The validation step is mandatory to verify the absence of overtrain-
ing, compare discriminators built with different hyper-parameters, and hence optimize the results.
Furthermore, processes with too few events were not included in the training or testing sets. As
explained in Section 7.1 the ANN training is very similar to a fit procedure, and therefore few

examples (points) produce fits with large errors.

Two independent training were performed: one for 2017/2018 data and another for 2016 data in

order to account for the upgrade done to the detector between those two periods.

7.2.2 The Training Procedure

Training with MVA methods is a procedure that needs to be done on multiple fronts. It is difficult
to guarantee that a set of MVA training parameters is the optimal choice for a set of inputs since
there are an infinite number of combinations that one can build. These configurations (including
the training dataset) can significantly influence the development of the MVA training. In order to
optimize the study, thousands of ANN architectures were developed, and multiple parallel scans
were performed. These scans can run over different input sets and different parameters configured
for training. The result of each ANN training can be retrieved to produce plots that are used to
validate and classify the quality of each training (e.g., one can check if overfitting has occurred).
The set of tested inputs includes combinations of the kinematic variables for leptons and jets (pr, 1
and ¢), as well as the quark-gluon likelihood for jets. The scanned ANN parameters are summarized

in the Table 7.1. These parameters are:

Topology

Topology represents the architecture of the ANN: the number of hidden layers, number of neurons
in each layer, and neuron type. Several ANN architectures are tested, including simple networks
consisting of one layer of neurons and deep networks. The activation function of the hidden layer
is optionally nonlinear. Most neural networks nowadays use the Rectified Linear Unit (ReLU)
activation function, which sets the negative values to zero and leaves the positive ones unchanged.

Several functions are also used that are similar to ReLU but avoid zero values.

Functions representable with DNNs, with ReLLU or similar activation functions, can separate a

number of regions that is exponential in the depth of the network [156]. In the case of one hidden
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layer, an exponential number of hidden units is required. Therefore, choosing a model with more
than one hidden layer may be advantageous: the number of nodes required for optimal capacity
is significantly reduced with a deep model. In the present analysis, a DNN provided the most
beneficial topology.

Optimization

The pure optimization of a model would be finding the global minimum of the cost function using
gradient descent or other techniques. However, this is not possible for ANNs and DNNs due to
the nonconvexity of the loss functions. The goal of model optimization is to achieve satisfactory
performance according to the performance metrics chosen for the task. The loss function itself is a
proxy of the performance metrics, which is minimized as they improve. Training can be terminated
if the performance metric no longer improves. There are several options in Keras (SGD, Adam,
AdaDelta, RMSprop, etc.), and after testing most of them, it was found that Adam [157] and
AdaDelta [158] give a satisfactory performance.

Regularization

Regularization is any modification that can be made to a learning algorithm to reduce its general-
ization error. Among the techniques that help in regularization is the so-called "early stopping",
a parameter that sets the number of epochs Keras should wait when no improvement in the loss
function is observed. If after this number of epochs still no improvement is seen, the training is
stopped. Representation of the use of early stopping in ANN training is shown in Fig. 7.4a, which

illustrates how using early stopping in the ANN training reduces and puts under control overfitting.

Another method adds a typical DNN regularization called "dropout". Dropout [159] provides a com-
putationally inexpensive but powerful method for regularizing DNNs. When training with dropout,
a fraction of nodes in a layer is randomly zeroed at each iteration (see Fig. 7.4b). Dropout trains
the ensemble consisting of all subnets formed by removing non-output units from an underlying

base net. Adding dropout to a DNN ensures regularization and makes the network more robust.

WITH DROPOUT (25%)

»
>

Training Set Accuracy

- 9%
X 8 %

Accuracy

Early Stopping
Epoch

Output layer

v

Epoch
Hidden layers

(a) (b)

Figure 7.4: A visualization of the methods used to regularize NN training is shown. (a) Illustration of the
use of early stopping in NN training. (b) Illustration of a DNN with two hidden layers, using a dropout rate
of 25%.
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Batch size

It represents the number of events in a subset from the training set used to compute the gradients

and update the w;’s and b in each neuron.

Epochs

It indicates the number of iterations over the entire training set. The total number of iterations is a
combination of the size of the training set, the batch size and the number of epochs. For instance,
setting training of 10 epochs and a batch size of 10 for a training set size of 100 means that Keras

performs 102 updates on the w;’s and b’s.

Parameter ‘ Tested options

Inputs leptons/jets(pr,n,®), jets Q/G L

Dropout rate | 10, 20, 30, 40%

Topologies 30:20:10, 21:13:8, 10:10:10:10, 50:50:50:50,....
Early stop 50, 100, 600, 3000

Minimizer SGD, Adam, Adagrad, Adadelta, RMSprop
Batch size 5, 32, 64, 128, 786

Neuron ReLU, SeLLU

Loss Scaling | XS (process total XS), 0.e. BR (event weight)

Table 7.1: Summary of the scanned parameters during NN training.

7.2.3 The Training Performance

The ANNs obtained through the procedures explained in the previous Section are produced together
with some validation plots that validate the choice of the best ANN architecture, Figs. 7.5 - 7.8

show these plots.

These plots include the metrics adopted ROCs curves and efficiency times purity (es.7). In addition,
the plots which help to check the existence of the over-fitting for a given configuration: the NN
distributions for the training and test sets, accuracy, and loss. The ROC curves! from training and
test sets can also be used to check the existence of the over-fitting. Then finally, the selected ANN
is chosen to be the ones with the highest (e;.7) for each jet-based category.

In order to understand if the data well describe the ANN response, the ANN discriminant is plotted
in the four leptons sideband control region my < 118 or my > 130 GeV, for events with at least

two jets, as shown in Fig. 7.9. The plots show a good agreement between data and MC.

The ROC curve is a graph showing the classification model performance at all the classification thresholds.
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Figure 7.5: Validation plots produced during ANNs training for Njet2 category for 2018 and 2017. (a)
5.7 vs €, (b) ROC curves computed for both training and testing sets, using all backgrounds together, (c)

Accuracy, (d) Loss, and (e) ANN distributions.
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Chapter 8

Results and statistical interpretations

This chapter presents the results of the search for VBF Higgs production conducted in this analysis.
The various sources of systematic uncertainties that affect the analysis are discussed, their impact

is evaluated, and finally, the results and interpretations are shown.

8.1 Systematic uncertainties

Systematic uncertainties that affect this analysis and their treatment are debated in this section.
Measurement uncertainty has two components: statistical and systematic. Statistical uncertainty
depends on the amount of data collected, while systematic uncertainty results from the inherent
imprecision of the method of measurement used. The systematic uncertainties are divided into
theoretical and experimental uncertainties. Theoretical uncertainties are the sources of error that
arise from the modelling of the signal and background. These can be of experimental origin, related,
for instance, to insufficient knowledge of the detector response. In addition, there are uncertainties
directly related to the signal and background modelling by the ANN, which is related to the un-
certainties on its input objects. The systematic uncertainties can affect both the final significance
and the signal strength uncertainty. Systematic uncertainties are implemented as normalization
variations of a process or shape variations of the fitted distribution. If a shape uncertainty is used,
as in the present case, the uncertainty is either applied to the relevant objects and propagated
through the event selection and the DNN computation or treated as an event weight when building

the variations about the nominal distribution.

8.1.1 Theoretical uncertainties

Theoretical uncertainties are used as a normalization uncertainty, affecting both signal and back-

ground estimation. Those uncertainties are summarized in Table 8.1, and described in the following;:

e Parton distribution function (PDF): the uncertainty from the choice of the PDF set is
determined by calculating the root mean square of the variation when using different replicas

of the default PDF set, following the recommendations reported in [160].

e Renormalization and Factorization: the uncertainty on the renormalization and factor-
ization scales is estimated by changing these scales between 0.5 and 2 times their nominal

value while keeping their ratio between 0.5 and 2 [161]
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e Strong coupling: is the uncertainty that originate from the choice of the strong coupling

(cvs), described in [131].

e K-factor: the uncertainty of the K factor used for the gg — ZZ and qq — ZZ samples is

applied as described in [122].

e Branching ratio: The uncertainty on the branching ratio of the H — 41 is applied to the

yields of all Higgs processes [122].

Source Magnitude (%)
PDF set and oy VBFH 2.1
QCD scale VBFH 0.3-0.4
PDF set ggH 1.8
as ggH 2.59 - 2.62
QCD scale ggH 4.27 - 6.49
PDF set and ooy WH 1.3
QCD scale WH 0.5
PDF set and oy ZH 1.6
QCD scale ZH 2.7-3.5
PDF set and a4 ttH 3.6
QCD scale ttH 6.0 -9.2
PDF set and o bbH 3.2
QCD scale bbH 4.6 - 6.7
PDF set and a5 (¢q7 — Z2) 3.1-34
QCD scale (qq — Z2) 3.2-4.2
Electroweak correction (¢q¢ — ZZ) 0.1
PDF set and o, ggZZ 3.2
QCD scale ggZZ 4.6 -6.7
Electroweak correction ggZZ 10.0
BR(H — ZZ — 4l) 2.0

Table 8.1: Summary of theoretical systematic uncertainties.

8.1.2 Experimental Uncertainties

e Luminosity: The rate of uncertainty on the integrated luminosity amounts to 2.6% for the
data recorded in 2016 [119] and 2017 [120], and to 2.3% for the data recorded in 2018 [121].
This uncertainty arises from the stability of the detector response during data taking, affecting
both signal and background. This uncertainty is used as a normalization uncertainty on the

event yield.

Lepton identification and isolation efficiency: This uncertainty is related to electron
and muon reconstruction and selection efficiency, including triggers, the significance of impact
parameters, identification and isolation requirements. This uncertainty is obtained by varying
the corresponding scale factors within their uncertainties obtained from the tag-and-probe
measurement in Z-boson resonance events in data and MC. While we rely on low-mass di-muon
resonances to measure muon efficiency in the low pr regions, the measurement of electron

efficiency relies solely on the Z-boson resonance, leading to a larger uncertainty in the low
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pr region. These uncertainties amount to 11-15.5% for electrons and 1-2.3% for muons [37],

affecting both the shape and the rates of the signals and backgrounds.

e Reducible background estimation: Uncertainties in the Z+X estimation, described in
Section 6.2.2.4, varies between 30% and 41%, depending on the final state. This uncertainty

is used as a normalization uncertainty on the event yield for the Z+X background.

e Lepton momentum scale: The uncertainties in lepton momentum measurements are varied
up and down within one standard deviation and propagated through the DNN computation,

resulting in a shape uncertainty.

e Jet energy corrections (JES/JER): The uncertainties associated with the jet energy scale
(JES) are obtained by shifting the energy scale applied to the reconstructed jets up and down,
within one standard deviation around the central value and propagated through the DNN,
resulting in a shape and normalization uncertainty. The uncertainty propagation for jet energy

resolution (JER) is analogous to the jet energy scale.

e Quark-Gluon likelihood: The polynomial corrections described in section 3 are applied to
the MC samples leading to the nominal distributions. Then, the variations to the nominal
distributions are computed by applying those corrections twice for up variations and not
applying the corrections for the down variations, and the quark-gluon systematic variations

propagated through the DNN, resulting in a shape uncertainty.

8.1.2.1 Systematic Uncertainty on the 3¢ Jet

In order to properly handle the systematic uncertainty associated with the usage of the third jet, two
jet-based categories were defined in this analysis, as mentioned in Section 7.2.1. This uncertainty
arises from the fact that the third jet is generated at NLO in the VBF-H3J sample (see Section 5.2.1)
while at LO in the background.

A procedure for estimating the uncertainty on the 3" jet affecting the ANN distribution has been

estimated as follows:

e The events in the Njets3 category were fed into the ANN from each sample (VBF-H2J and
VBF-H3J), and the uncertainty in both normalization and shape variation between the two
processes has been evaluated from the ratio between their shapes. This procedure was per-
formed for each four-lepton final state and separately for each year. The ANN distributions

of the two samples are shown in Figs. 8.1 - 8.3 with their ratio.

e In order to smooth the statistical variations bin by bin, which arises mainly in the VBF-H2J
with fewer events, a fit is performed to the ratio. Then, the up and down uncertainties are
introduced around the distribution of the VBF-H3J sample, which is the nominal one, using
the linear function derived from the ratio. Such uncertainty is introduced in the statistical

analysis following the procedure for shape analysis, as explained in Section 8.2.

The summary of experimental systematic uncertainties is reported in Table 8.2.
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type 2016 2017 2018
Luminosity 2.6% 2.3% 2.5%
Leptons ID and reco eff | 1.6 —15.5% | 1.1 —12.1% | 1.0 — 11%
Z+X 30 —41% 30 — 38% 30 — 37%
Lepton pr shape shape shape
Jet energy scale shape shape shape
Jet energy resolution shape shape shape
Q/GL shape shape shape
37 jet shape shape shape

Table 8.2: Summary of experimental systematic uncertainties.
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Figure 8.1: ANN distributions in the Njets3 category from VBF-H2J and VBF-H3J and their ratio for (a)
4, (b) 4e and (c) 2e2u for 2016 dataset.

120



8.1. Systematic uncertainties

CMS Preliminary s =13 TeV, L= 41.4ib™ CMS Preliminary s =13 TeV, L= 41.4ib™
w w
g 002 [ vBF-H2y g 001 [ vBF-H2y
(=] (=]
29,018 VBF-H3J E VBF-H3J
[ [
LI>J«3.01 6 LI>J'3.008
0.014 +# %
0.012 # 0.006 #

=
2
IH|I\\|II\‘II\‘III‘\II‘HI|HI|\H|IH|I
= o
—.

0.008 ## + 0.004 #ﬁj
0.006 + #ﬁ#‘ " %
0.004 #ﬂ 0.002 . +# & J#
~ ¢
B .M \ ” # K ! l ‘I ‘?"‘*’:‘ﬂmfﬂﬁfﬁ'&wﬁw‘ | ! l ‘|
o Ol
Ig ;ik Fit (0.323x + -0.879) Ig If:% Fit (0.076x + -0.667)
A EF o]t NI 4 '
U . TR e KA
_20 0.1 02 03 04 05 06 07 08 09 1 _20 0.1 02 0.3 04 05 06 07 08 09 1
Discriminant Discriminant
(a) (b)

CMS Preliminary s =13 TeV, L = 41.4fb™

[T]vBF-H24
VBF-H3J

!
s

.

S

AN SIS :
| IS IR PR

— Fit (0.428x + -0.958)

s I\L\\ ! *\\\‘#\\\‘\\\IIIIIIIIIIIIIIIIIII\\‘\\\\
© 01 0.2 03 04 05 06 07 08 0.9 1
Discriminant

(c)

Figure 8.2: ANN distributions in the Njets3 category from VBF-H2J and VBF-H3J and their ratio for (a)
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Figure 8.3: ANN distributions in the Njets3 category from VBF-H2J and VBF-H3J and their ratio for (a)
4, (b) 4e and (c) 2e2u for 2018 dataset.
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8.1.3 Discriminants Shape Uncertainties

The systematic uncertainties on the shape of the ANN output were estimated by studying the impact
of the input variables’ systematic uncertainties. The main types of systematic uncertainties in data
classification are the ones that change the ANN output value that can cause event migration across
the regions defined by the discriminant for signal and background. Therefore, one should consider
that issue when applying specific discriminant cuts. This effect is exacerbated in the shape analysis
as bins shift up and down due to the uncertainties in the binned analysis. In addition, there is an
impact from the bin width: a smaller bin width increases the probability of event migration across

the bins, and more significant fluctuations than in the case with larger bin width are expected.

In order to estimate the uncertainties propagated through the ANNs a procedure based on the one
adopted by [162-164] is used. In such a procedure, the systematic uncertainties of the objects used
as inputs for the ANNs were applied to the nominal input value. Those are the uncertainty in the

leptons” momentum, the jet energy scale, jet energy resolution, and quark-gluon Likelihood.

The ANNs were fed with the nominal values of the inputs, without applying any systematic un-
certainty shifts, and with £1o shifts from the nominal values. These shifts are produced for each
variable, where there are N(pputs) X [1 42 X N(rmputtUncertainties)) output values for each event after
all shifts have been done, and consequently the same number for the ANN distributions. Fig. 8.4
shows the impact of the systematic uncertainties on the shape of one of the trained ANN for the

signal (qqH) and the dominant background (ggH).
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Figure 8.4: Example of the impact of the systematic uncertainties on the shape of a ANN. The "qqH"
signal is shown in red, and the dominant background "ggH" is shown in blue; the plot includes events from
the 4p channel of the 2016 dataset.
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8.2. Statistical treatement

8.2 Statistical treatement

The statistical procedure to evaluate the signal presence or absence consists in interpreting the
observed data compatibility with the background-only hypothesis (Hp) or with the signal plus
background hypothesis (Hg ). The estimation is done based on the binned distributions of suitably
chosen discriminating observables; the ANN distributions are used for this purpose in the present

analysis.

8.2.1 Maximum likelihood

In each bin 7 of the distributions of the discriminating ANN, considered in the analysis, the expected

yields under the Hg4 p hypothesis can be parameterized as:

Vilptgqr, 0) = ngqr - 57 (0) + bi(6) (8.1)
where 574 H and b; are the expected yields of the VBF Higgs signal and the background in the bin
i, respectively. In the context of the Higgs boson searches, the signal yields are fixed to their SM
prediction; they are scaled by the signal strength modifiers

OqqH

HeqH = —gnr (8.2)
OqqH

which are the parameters of interest (POI) of the model. In the background-only hypothesis Hp,

the model considers p = 0.

The predictions for the signal and background yields in Eq. 8.1 are subject to the systematic
uncertainties described in Section 8.1. A nuisance parameter 6 represents each independent source
of systematic uncertainty, collectively denoted with 0. The rate uncertainties directly affect the
signal and background yields, while the shape uncertainties affect the repartition of these yields

across the bins of the discriminating observable.

A binned likelihood function combining all known information regarding the model parameters is
constructed to estimate the values of the POIs and their associated uncertainties. This function
quantifies the compatibility between the observed data and the prediction for given values of the
POIs and the nuisance parameters. It is expressed as the product of the Poisson probabilities to

observe n; events in the bin 4, scaled by the nuisance probability function p(6|6), as

— —

£ (dataly,5) = | (1si( ):'bi( D™ —(usi(8)+0:(0)) - p(0]6) (8.3)

7.

i
The POIs and nuisances parameters estimation is done via the maximum likelihood method, which
finds the point 4 = 4 and 6 = 6, where the values i and 9 are called the best estimates in the
parameter space, making the likelihood function £(data|u, ) maximal, namely the point for which
the observed data are the most probable. For computational simplicity, it is common to minimize -2
In(L) instead, as the maximum likelihood value means the minimum negative log-likelihood. The
uncertainty on the best estimate [ is obtained by determining the lower and upper bounds, fmin

and i, for which the value of -2 In(L£) exceeds the minimum by one unit, corresponding to a
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8.2. Statistical treatement

coverage probability of 68%. The differences 6 = ez — ft and 0_ = ji — fimin correspond to the

combined uncertainties associated to f.

In the case of the present analysis, for the signal strength estimation, the likelihood ratio is performed
with g = 1, which represent the expected SM VBF signal and f is left to float during the fit on the

observed events, which represent the VBF signal estimated from observed data.

The sources of uncertainty included in this analysis are described in Section 8.1. The shape of their

associated nuisance probability function in Eq. 8.3 is modeled by the log-normal distribution, which

-1 (In(h/6))?\ 1
p(0]0) = mexp <_2(lnk)) 9 (8.4)

where 6 is the initial estimate of the parameter and £ = 1 + €, € being the relative scale of the

is defined as

uncertainty.

8.2.2 Hypothesis testing

In order to drive reliable conclusions from the results of the maximized likelihood, a hypothesis
test is typically specified in terms of a statistic test. This is defined in such a way as to quantify,
within observed data, behaviours that distinguish the Hgy g hypothesis from the Hp hypothesis. A
standard method used for this purpose is the profile likelihood ratio (PLR)

_ L(data|p, 9_,;)

Alw) S
L(datalf,0,,)

(8.5)

The numerator corresponds to the case where p is fixed at a specific value, and 92 is the associated
conditional maximum likelihood estimator, i.e, the value of § that maximizes the likelihood for the
fixed p. The denominator corresponds to the maximized likelihood obtained when both p and 0
are left floating freely. By construction, the PLR is bounded between 0 and 1, and higher values
indicate better compatibility between the data and the Hg4p hypothesis. It is common to use the
logarithmic form of PLR, defined as g, = 2InA(x). When measuring a single parameter p, g, is
expressed graphically as scans of ¢, for a given p within a given interval, with the minimum being
the best estimate. The intervals with 68% and 95% confidence levels (CL) are then derived from
the conditions ¢, < 1 and ¢, < 3.84, respectively.

8.2.3 Significance

The statistic test g, under the background-only hypothesis Hg can be used to estimate the signifi-
cance of an observed result. This is done using the p-value pg, representing the probability that the

background-only model reproduces a larger fluctuation than the observed data. It is expressed as

o0

po = f(q0|Hp)dqo (8.6)

Gobs
where g9 = —2InA(up = 0), and f(qo|Hp) is the probability density function of gy under the
hypothesis Hg. The hypothesis Hp is excluded if pg is below a predefined threshold.
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The p-value is typically converted into an equivalent significance Z, which is defined as:

Z =71~ po) (8.7)

which is expressed in units of Gaussian standard deviations o, where ®~! is the inverse of the
standard Gaussian cumulative distribution (or quantile). For a signal such as the Higgs boson, the
particle physics community claims evidence when a significance of 30 is reached (py = 1.4 x 1073)

and an observation when a significance of 50 is reached (py = 2.9 x 1077).

8.2.4 Expected results

The expected results are instrumental in estimating the sensitivity of the experiment. The standard
procedure in CMS estimates the expected results is to develop an analysis in a blinded manner,
meaning the strategy is defined on studies based solely on the simulation or data in signal-free re-
gions. In principle, this consists in generating a large set of pseudo-data (toys) distributed according
to the likelihood function and extracting the nominal values of the POI from the median. An excel-
lent approximation is provided by the Asimov dataset [165], a single representative dataset in which
the estimates of the parameters are set to their expected values, and the statistical fluctuations are
suppressed. The usage of the Asimov dataset allows the impact of the systematic uncertainties and

the validity of the statistical method to be verified before looking at the data, i.e., unblinding.

8.3 Results

This section summarizes the yields and distributions obtained after the VBF Higgs signal selection.
In addition, it presents the validation of the statistical model, including the impact of the systematic
uncertainties on the signal strength and the goodness-of-fit test. Finally, the best fit values for the

signal strength and the significance of the Higgs VBF production mode are presented.

8.3.1 Pre-fit yields and distributions

Since this analysis uses up to three jets, the selected events in the VBF-SR, were split into two
categories according to the number of jets in each event that pass the jet selection criteria. These
two categories have a different ANN model and a different set of events for each of them, and hence
such categories, labeled as Njets2 and Njets3, are orthogonal. For simplicity, the discriminant from

: : NN NN
the two categories will be referred to as Doy and Dy 55 from now on.

The event yeilds from signal and background after the VBF-SR selections are reported in Tables. 8.3
- 8.5 for each jet category (Njets2, Njets3) and for their combination, respectively. The uncertainties

shown include both statistical and systematic sources.

Fig(s). 8.5 - 8.8 (a), (b) show the distribution of the selected ANN discriminant in the Njets2 and
Njets3 categories for each year and for the combined Run2, while Figs. 8.5 - 8.8 (¢) show their

combination. The three four-lepton final states are combined in these distributions.
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8.3. Results

Process 4 de 2e2p 41

ggH 8.09+0.31 | 3.7940.34 | 9.85+0.60 | 21.73+£0.76
VH 0.754+0.01 | 0.3840.02 | 0.904+0.04 | 2.03+0.05
ttH 0.02+0.00 | 0.0240.00 | 0.024+0.00 | 0.05%0.00
qqZZ+77JJ 1.844+0.06 | 0.83£0.07 | 2.15+0.13 | 4.8340.16
ggZ7 0.31£0.02 | 0.1540.02 | 0.1940.02 | 0.66+0.04
Z+X 0.30£0.04 | 0.174£0.04 | 0.474+0.06 | 0.94%0.09
>~ backgrounds 11.32+0.32 | 5.34+0.36 | 13.57£0.62 | 30.23+0.78
qqH (signal my = 125GeV) | 2.57£0.25 | 1.28+£0.23 | 3.15+£0.43 | 7.00£0.55
Total expected 13.89+0.41 | 6.62+0.42 | 16.72+£0.75 | 37.23+0.96
Observed 18 8 15 41

Table 8.3: The expected event yields from background and signal are shown with the number of observed
events after the VBF-SR selections for the Njets2 category of the Run 2 dataset. The quoted uncertainties
include statistical and systematic ones.

Process 4 de 2e2p 41

ggH 3.21+0.12 | 1.53£0.13 | 3.904+0.23 | 8.65+0.30

VH 0.454+0.01 | 0.23£0.01 | 0.564+0.02 | 1.2440.03

ttH 0.07+0.00 | 0.05£0.01 | 0.074+0.01 | 0.20+0.01

qqZZ+77JJ 0.4840.02 | 0.18+0.02 | 0.504+0.03 | 1.16+0.04

g7, 0.11+0.01 | 0.05£0.01 | 0.0440.00 | 0.20£0.01

7Z+X 0.4240.07 | 0.04+0.01 | 0.2440.03 | 0.70+0.08

> backgrounds 4.7440.14 | 2.0940.14 | 5.3240.24 | 12.154+0.31
qqH (signal my = 125GeV) | 0.72+0.52 | 0.37+0.37 | 0.92+0.72 | 2.01+0.96

Total expected 5.46+0.54 | 2.464+0.39 | 6.2440.76 | 14.16+1.01
Observed 2 2 4 8

Table 8.4: The expected event yields from background and signal are shown with the number of observed
events after the VBF-SR selections for the Njets3 category of the Run 2 dataset. The quoted uncertainties
include statistical and systematic ones.

Process 4 de 2e2p 41

ggH 11.304+0.34 | 5.32+0.35 | 13.76£0.62 | 30.3840.79
VH 1.20£0.02 | 0.61+0.03 | 1.46£0.04 | 3.27£0.05
ttH 0.10£0.00 | 0.07£0.01 | 0.09+0.01 | 0.26%0.01
qaqZ7Z+727JJ 2.33£0.06 | 1.02£0.07 | 2.64£0.12 | 5.9940.16
gel7 0.42+0.03 | 0.20£0.02 | 0.23£0.02 | 0.86+0.04
7+X 0.72+0.09 | 0.21£0.04 | 0.71£0.07 | 1.63%+0.12
>~ backgrounds 16.06£0.36 | 7.43+0.36 | 18.89£0.64 | 42.38+0.82
qqH (signal my = 125GeV) | 3.29+£0.46 | 1.65+0.37 | 4.07£0.70 | 9.01£0.91
Total expected 19.354+0.59 | 9.08+0.52 | 22.96+£0.95 | 51.394+1.23
Observed 20 10 19 49

Table 8.5: The expected event yields from background and signal are shown with the number of observed
events after the VBF-SR selections for the Njets2 + Njets3 category of the Run 2 dataset. The quoted
uncertainties include statistical and systematic ones.
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Figure 8.5: Pre-fit distributions of the neural network developed for Njets2 (a), Njets3 (b) categories and
the combination of the two categories (c). The plots shown are for the 2016 dataset.
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Figure 8.6: Pre-fit distributions of the neural network developed for Njets2 (a), Njets3 (b) categories and
the combination of the two categories (c). The plots shown are for the 2017 dataset.
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Figure 8.7: Pre-fit distributions of the neural network developed for Njets2 (a), Njets3 (b) categories and
the combination of the two categories (c). The plots shown are for the 2018 dataset.

130



8.3. Results

CMS preliminary 137 b (13 TeV)

10° ¢ Data [Jaon v+
.nH .ggH qqZZ

. ggZZ . Z+X § Stat.+Syst. Uncertainty

Events/0.07

10°

102

Events/0.07

CMS preliminary

137 b (13 TeV)

¢ Data [Jarias [ vu
. tH . ggH qqZZ

Bz fzex  § statesyst Uncenainy

O O
5 Bt T 4 . % g e 4=
OE —— e pa 03\\ \ﬁ&\
0 01 02 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Discriminant Discriminant
(a) (b)
CMS preliminary 137 b1 (13 TeV)
B_ 10° } Data quH lVH
o
E .nH .ggH qqZZ
= 2
L%’ 10 . ggZZ . Z+X g Stat.+Syst. Uncertainty

i

‘ —

]

-+

O °E

2 -

g 1# + ‘
of e _;,_ka
0 0.1

02 03 04 05 06 07 08 09 1

Discriminant

Figure 8.8: Pre-fit distributions of the neural network developed for Njets2 (a), Njets3 (b) categories and
the combination of the two categories (c). The plots shown are for the Run 2 dataset.

131



8.3. Results

8.3.2 Validation of the statistical model

The validation of the statistical model and the nuisance parameters is done by testing the impact of
the nuisance parameters on the measurement of the signal strengths and by evaluating the x? of the
global fit. As no anomalous behaviours are seen, the observed data events are compared to the yields
predicted by the signal and the background simulated processes in the SM scenario for each category
(Njet2 and Njet3) and their combination. A global fit performed to all these distributions yields
the measurement of the signal strength of the qqH signal process and the subsequent estimation of

the statistical and systematic uncertainties on this value.

8.3.2.1 Impact of systematic uncertainties

The sources of systematic uncertainties, described in Section 8.1, yield independent nuisance param-
eters that can affect the shape and normalization of the distributions of the discriminant observables.
Their impact on measuring the qqH signal strength was assessed by evaluating the so-called im-
pacts and pulls. The impact of a nuisance parameter 6 is defined as the shift Ay induced on the
value of signal strength by fixing 6 to its post-fit value 0 410, while the other nuisance parameters
are estimated as the minimum of a profiled likelihood; the procedures address how the estimated
signal strength changes due to the floating systematic uncertainty. The pulls are defined as the
difference between the best fit estimation 6 from the likelihood maximization and the initial value
of the nuisance parameter, normalized to the value of the uncertainty. The impacts and pulls of
the leading 30 systematic uncertainties present in this analysis, combining the Njets2 and Njets3
categories for the three years of data taking are shown in Fig 8.9 - Fig 8.11 and for the combined
Run 2 datasets are shown in Fig 8.12. No parameter is significantly pulled away from its nominal
value or overconstrained by the fit procedure, indicating the quality of the statistical model. The
most important source of systematic uncertainty that affects the measurements for 2016 and 2017
is the systematics on the 3"¢ jet, while for 2018 and the combined Run 2 is the systematics on the

jet energy scale for the leading jet.

8.3.2.2 Goodness-of-fit test

The goodness-of-fit test further verifies the correct data modelling with the saturated method [166].
It is defined as a generalization of the y? method for data that are not normally distributed, as in
the case of the number of events in the binned distributions of the analysis. The test is built as
a likelihood ratio, but the alternative hypothesis is considered to be the one that exactly matches
the data. The distribution of this test statistic is obtained from pseudo-experiments generated from
the modelled processes and compared to the distribution calculated using the observed data. The
comparison is shown in Fig. 8.13, where the observed value of the x? goodness of fit, with a p-value
within the distribution of the 5000 generated pseudo-experiments, concludes that the statistical

model describes well the observations.

8.3.3 Post-fit yields and distributions

The expected and observed event yields for the signals and backgrounds in the signal regions of
the analysis are reported in Tables. 8.6 - 8.8 for each jet category (Njets2, Njets3) and for the

combination, respectively. The signal and background yields in the table are obtained after the
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Figure 8.9: List of the 30 nuisances parameters with the highest impact on the measurement of the qqH
signal strength. The impact plot was obtained with the combination of the two categories. The left row
shows the pull of the nuisance parameters, while the right one shows the impact of the nuisances on the
measurement of the signal strength (pqqrr) for the 2016 year.
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Figure 8.10: List of the 30 nuisances parameters with the highest impact on the measurement of the qqH
signal strength. The impact plot was obtained with the combination of the two categories. The left row
shows the pull of the nuisance parameters, while the right one shows the impact of the nuisances on the
measurement of the signal strength (pqqrr) for the 2017 year.
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Figure 8.11: List of the 30 nuisances parameters with the highest impact on the measurement of the qqH
signal strength. The impact plot was obtained with the combination of the two categories. The left row
shows the pull of the nuisance parameters, while the right one shows the impact of the nuisances on the
measurement of the signal strength (pqqrr) for the 2018 year.
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Figure 8.12: List of the 30 nuisances parameters with the highest impact on the measurement of the qqH
signal strength. The impact plot was obtained with the combination of the two categories. The left row
shows the pull of the nuisance parameters, while the right one shows the impact of the nuisances on the
measurement of the signal strength (pqqr) for Run II.
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Figure 8.13: Distribution of the goodness of fit variable y? estimated with the saturated model on 5000
pseudo-experiments "Toys" (black histogram) compared to the observed value (blue arrow) for 2016 (a),

2017 (b), 2018 (c), and for the combined Run 2 (d).
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maximum likelihood fit, i.e. post-fit yields, which means that they are computed for the best fit
values of nuisance parameters. The results show that the number of data events and the expected

signal and background yields are in good agreement.

The post-fit distributions of the neural networks discriminant in each of the Njets2 and Njets3
categories for each year and the combined Run2 are shown in Fig(s). 8.14 - 8.17(a), (b), while for
their combination are shown in Figs. 8.14 - 8.17 (c¢). The plots confirm a good agreement in shape

between the distributions of observed and expected events.

Process 4u de 2e2y 41

ggH 8.14+0.30 | 3.804+0.35 | 9.89+£0.61 | 21.8440.76
VH 0.75+0.01 | 0.3840.03 | 0.90+0.04 | 2.03+0.05
ttH 0.02+0.00 | 0.024+0.00 | 0.02+0.00 | 0.05%0.00
qqZ7Z+77JJ 1.854+0.06 | 0.83£0.07 | 2.154+0.13 | 4.8340.16
ggZ7, 0.32+0.02 | 0.154+0.02 | 0.19£0.02 | 0.66+0.04
7Z+X 0.30+0.05 | 0.1740.04 | 0.47+0.06 | 0.95+0.09
> backgrounds 11.3840.31 | 5.35+0.36 | 13.62+0.63 | 30.34+0.79
qqH (signal mpy = 125GeV) | 2.93+0.91 | 1.45+0.45 | 3.59+1.10 | 7.97+1.50
Total expected 14.31+£0.96 | 6.80+0.58 | 17.204+1.27 | 38.31+£1.69
Observed 18 8 15 41

Table 8.6: Background and signal estimations, derived from the maximum likelihood fit for the s+b model
to the observed data for the Njet2 category of Run 2 dataset. The quoted uncertainties include the statistical
and systematic components.

Process 4 de 2e2p 41

ggH 3.13£0.12 | 1.474+0.13 | 3.77£0.23 | 8.38£0.29
VH 0.45+0.01 | 0.234+0.01 | 0.55+0.02 | 1.23£0.03
ttH 0.07£0.00 | 0.0540.01 | 0.07+0.01 | 0.20£0.01
qqZZ-+77JJ 0.48+0.02 | 0.1840.02 | 0.49+0.03 | 1.15+0.04
gel7 0.11£0.01 | 0.0540.01 | 0.0440.00 | 0.20£0.01
Z+X 0.40£0.07 | 0.034£0.01 | 0.23+0.03 | 0.66£0.08
> backgrounds 4.644+0.14 | 2.02+0.13 | 5.16+0.23 | 11.814+0.30
qqH (signal my = 125GeV’) | 0.98+0.57 | 0.50+0.31 | 1.25+0.75 | 2.73+0.99
Total expected 5.61£0.59 | 2.524+0.34 | 6.41+0.79 | 14.54+1.04
Observed 2 2 4 8

Table 8.7: Background and signal estimations, derived from the maximum likelihood fit for the s+b model
to the observed data for the Njet3 category of Run 2 dataset. The quoted uncertainties include the statistical
and systematic components.

8.3.4 Measurement of the signal strength

A simultaneous fit is performed to extract the signal strength modifier for the VBF Higgs signal,
defined as the ratio of the observed VBF Higgs signal yield to the expectation from the standard
model. The likelihood ratio (see eq. 8.5) is performed with g = 1, that describe the SM expected
VBEF signal, and /i is left to float during the fit on the observed events, that describe the VBF signal

counted from observed data. In this analysis the Higgs VBF signal strength has been measured to
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Figure 8.14: Post-fit distributions of the neural network developed for Njets2 (a), Njets3 (b) categories
and the combination of the two categories (c). The fit is done with the assumption of the S4B hypothesis.
The plots shown are for the 2016 dataset.
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Figure 8.15: Post-fit distributions of the neural network developed for Njets2 (a), Njets3 (b) categories
and the combination of the two categories (c). The fit is done with the assumption of the S4B hypothesis.

The plots shown are for the 2017 dataset.
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Figure 8.16: Post-fit distributions of the neural network developed for Njets2 (a), Njetsd (b) categories
and the combination of the two categories (c). The fit is done with the assumption of the S+B hypothesis.
The plots shown are for the 2018 dataset.
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The plots shown are for the Run 2 dataset.
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Process ) de 2e2p 41

gegH 11.18£0.34 | 5.1940.34 | 13.48+0.61 | 29.8540.77
VH 1.19+0.02 | 0.6040.03 | 1.4440.04 | 3.24£0.05
ttH 0.10£0.00 | 0.07£0.01 | 0.09£0.01 | 0.2540.01
qqQZZ+727JJ 2.32+0.06 | 1.00£0.07 | 2.61£0.12 | 5.9440.15
ggZ7 0.424+0.03 | 0.20£0.02 | 0.23£0.02 | 0.85%0.04
Z+X 0.69+0.09 | 0.20+0.05 | 0.69£0.07 | 1.5840.12
>~ backgrounds 15.91£0.35 | 7.26+0.35 | 18.54+£0.62 | 41.7140.80
qqH (signal mpy = 125GeV) | 3.92+£0.92 | 1.954+0.47 | 4.83+1.13 | 10.70+1.53
Total expected 19.83£0.99 | 9.214+0.58 | 23.37£1.29 | 52.414+1.73
Observed 20 10 19 49

Table 8.8: Background and signal estimations, derived from the maximum likelihood fit for the s+b model
to the observed data for Njet2 + Njet3 category of Run 2 dataset. The quoted uncertainties include the
statistical and systematic components.

be pgqn = quql}f[/agq]\é = 1.19J_r8:g(2), for the SM Higgs boson with mass 125 GeV and the collected
Run 2 data which amount to 137 fb~!. The uncertainties on the measurement of the signal strength
are comparable with the expected values i 7 = 1.0073%3. The results are shown in Fig. 8.18
for the observed and expected profile likelihood scans of the two jet based categories used in the
analysis and for their combination (a) and the summary of the minimum likelihood ratio values
and the 68% CL for each category, year, and their combination (b). The corresponding numerical

values are summarized in Table 8.9.

2016,2.J 2016,3J 2017,2J 2017,3J 2018,2J 2018,3.J Run?2,combined
HqqH PaqH PeqH FeqH PeqH PeqH PeqH

Expected | 1.00%5:20 | 1.007395 | 1.0075:31 | 1.00%150 | 1.007392 | 1.007592 | 1.0075:53

Observed | 1.1245:50 | 0.0775L | 2.78715F [ 0.0720% | 0.0 T050 | 2.937259 | 1.1915:582

Table 8.9: Expected and observed signal strength modifiers from each category of the number of jets and
the combined Run 2 with 137 fb~! at /s = 13 TeV.

8.3.5 VBF Higgs production significance

In order to quantify the observation of the VBF Higgs signal in each category and their combination,
their significance has been computed, as explained in Section 8.2.3. Fig. 8.19 shows the expected and
observed significances for each jet-based category and the combination. The observed (expected)
significance amounts to agg‘;{ = 3.020 (O‘Z;}Z = 3.060), equivalent to P-value pgbs =12x1073
(g™ = 1.1 x 1073). The achieved sensitivity confirms the evidence of the VBF Higgs production

(see Section 8.2.3).

8.3.6 Projection for Future Luminosity Scenarios

According to the LHC operation schedule shown in Fig 2.2, the LHC is foreseen to operate in 2022
after the long shutdown "LS2"; this operation period is known as "Run III", with an expected
integrated luminosity of 350 fb~!. This data taking period will be followed by a long shutdown
for the LHC upgrade, referred to as "LS3". After LS3, LHC operation will resume to increase the
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Figure 8.18: The best fit value found, given the observed data, for pgem. In (a) is shown the observed and
expected profile likelihood scans of the qqH signal strength modifier from each category of the number of
jets and the combined Run 2. In (b) is shown the observed signal strength for each category of the number
of jets, for each year in run 2, and for the combination with the associated uncertainty.
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Figure 8.19: The significance of the local excess w.r.t the SM background expectation for each jet-based
category and their combination.

integrated luminosity by a factor of ten to enter the so-called High Luminosity Phase of LHC HL-
LHC. This section presents a simple projection of the expected significance evolution of the present
analysis with the future integrated luminosities planned to be achieved at the LHC Run 3 and
HL-LHC. This study does not consider the increase of the production cross-section of the physics
processes after increasing the center of mass-energy from 13 to 14 TeV. Also, no approach used to
scale the uncertainties affect the analysis was applied since that demands a more dedicated study
of the uncertainties dependencies beyond this analysis’s scope. According to this projection, it is
expected to have enough significance for the VBF Higgs production observation with the luminosity

planned for the CMS Run 3 (350 fb~1).

Dataset 2016 | 2017 | 2018 | Run 2 | Run 3 | HL-LHC
Luminosity (fb=1) 35.9 | 414 | 59.74 | 137 350 3000
Expected significance | 1.52 | 1.60 | 2.30 | 3.1 5.03 14.74

Table 8.10: The expected VBF Higgs significance from the present luminosity and the expected future
scenarios at the LHC.
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Conclusions

The analysis described in this thesis presents a dedicated measurement of the Higgs boson produc-
tion in the VBF production mode in the H — ZZ — 4l(l = e, p) channel. The dataset used in the
analysis corresponds to proton-proton collision data produced at the LHC at a center-of-mass energy
of 13 TeV and collected by the CMS detector equivalent to an integrated luminosity of 137 b1

Several developments were done to the different aspects of the analysis, and new techniques were
used to improve on the previous measurement published by CMS obtained with Run 2 data (see
Section 1.5). Deep neural networks are used as a discriminant for the VBF Higgs signal. In addition,
further gains come from the effort devoted to optimizing the multivariate discriminator to separate
the signal from the background as best as possible. The analysis proposes the usage of the 37 jet
when available in the event; therefore, a new sample for VBF Higgs production associated with
three hard jets at NLO was generated to be used for the first time in the VBF Higgs analysis. Two
jet-based categories have been defined in order to optimize the analysis and adequately handle the
usage of the third jet when it is available in the events. For each category, a NN discriminant was

developed.

The measured cross-section is consistent with the SM expectation, with a signal strength pgqn =
a%}i’} / agqj\é = 1.19f8:gg. The excess of events observed over the background expectation corresponds
to a significance of 0;’3;[ = 3.020; thus, it constitutes the evidence of the Higgs boson production via
vector boson fusion. The projection for future luminosity is expected to have enough significance
for the VBF Higgs production observation (50) with the expected integrated luminosity of LHC

Run 3 (350 fb~1).

The muon tracking performance is crucial for the overall performance of the CMS experiment, and
it affects the reconstruction performance for all the objects used in the VBF Higgs analysis, which is
the main topic for this thesis. Therefore, a study was conducted to measure the performance of the
CMS muon tracking with the tag-and-probe technique exploiting the Z — p*pu~ resonance using
CMS Run 2 data with an integrated luminosity of 137fb~!. As a result, a tracking efficiency of
about 99.9 % was guaranteed for all reconstructed muon trajectories (all-tracks) in the entire muon
pseudorapidity acceptance through the whole Run 2 data taking. Also a tracking efficiency for the
subset of trajectories in which the CMS Tracker only is used to seed the measurement (tracker-only

seeded tracks) of about 98% is guaranteed.

One of the detectors that play a critical role in triggering muons in the CMS experiment is the
RPC detector. Hence, a study was performed to evaluate the effects on the RPC efficiency, cluster

size and detector intrinsic noise rate of variations of the electronics threshold voltage. The results
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obtained are in agreement with the expectations: a decrease in the applied discrimination thresholds
increases the RPC efficiency, which is a benefit for the system but, at the same time, induces an
increase in cluster size and intrinsic noise, which could deteriorate spatial resolution and accidentals,
respectively. Nevertheless, a =~ 0.9% gain in efficiency consequent to a 5 mV decrease of the threshold
with respect to the default one is to be preferred w.r.t. the corresponding minimal increase in cluster
size, of around 0.07 strips, and intrinsic noise, roughly 0.04 Hz/cm?. This would induce to consider
thoughtfully to adopt such a solution when the CMS RPC system is restarted after the current

shutdown.
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Appendix A

The 37 jet in the two signal samples
VBF-H2J and VBF-H3J

The appendix contains comparison plots between the 3¢ jet from the two signal samples VBF-H2J,
which has two jets at NLO and VBF-H3J, which has three jets at NLO for different observables.
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Figure A.1: Comparison plots for the two signal samples VBF-H2J and VBF-H3J for the 3" jet variables:
the transverse momentum of the jet (a), the pseudorapidity of the jet (b), the azimuthal angle of the jet (c),
and the transverse energy of the jet (d).
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Chapter A. The 3" jet in the two signal samples VBF-H2J and VBF-H3.J
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Appendix B

Modelling the 3rd jet in the qqZZ sample

B.1 DJR Plots for qqZZ + jets sample

In preparation for LHC Run 3 analysis and to have the correct modelling for the 3"¢ jet in the
backgrounds that affect the VBF Higgs production analysis, the MadGraph event generator has
been used to generate the qqZZ process with additional jets up to 3 jets. When one generates the
process with additional jets, there is an issue of double-counting of events because of the Parton
shower. To avoid this double-counting, we should use the matching scale "qCut", representing the
separation between the shower and the matrix element, defined in Pythia cards. However, this qCut
is not strictly defined; hence, one needs to scan over it and look for the variable independent of
qCut. For instance, to look at the variable “Differential Jet Rate (DJR)”. This observable allows us
to measure how smooth the transition is when going from N to N 4+ 1 jet configuration. Thus it
is quite sensitive to the matching procedure. We choose the value of qCut for which the DJR plot

looks smooth.

The plots for the DJR scan to check the MLM merging quality are shown in Figs. B.1 - B.4, where
you can see different qCuts have been scanned, 20,27,30 and 35. According to the scan done, the
qCut has been selected to be set at 20.
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B.1. DJR Plots for qqZZ + jets sample
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Figure B.1: DJR plots with qCut 20 for the Zll jet binned samples with additional 0,1,2,3 jets using MLM
merging.
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Figure B.2: DJR plots with qCut 27 for the Zll jet binned samples with additional 0,1,2,3 jets using MLM

merging.
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Figure B.3: DJR plots with qCut 30 for the Zll jet binned samples with additional 0,1,2,3 jets using MLM

merging.
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Figure B.4: DJR plots with qCut 35 for the Zll jet binned samples with additional 0,1,2,3 jets using MLM

merging.
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Acronyms

ALICE Alarge Ion Collider Experiment
ANN Artificial Neural Network
APV Analogue Pipeline Voltage mode

ATLAS A Toroidal LHC ApparatuS

BDT Boosted Decision Trees
BEH Brout-Englert-Higgs

BX Bunch Crossings

CERN Center for European Nuclear Research
CKF Combinatorial Kalman Filter

CMS Compact Muon Solenoid

CP Charge-Parity

CR Control Regions

CSC Cathode Strip Chamber

CTF Combinatorial Track Finder

DIS Deep-Inelastic Scattering
DNN Deep Neural Network
DT Drift Tube

DY Drell-Yan

EB ECAL Barrel
ECAL Electromagnetic Calorimeter
EE ECAL Endap

EW Electro-Weak
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Acronyms

FASER ForwArd Search ExpeRiment
FE Front-End
FR Fake Rate

FSR Final State Radiation

GEM Gas Electron Multiplier

GSF Gaussian Sum Filter

HB HCAL Barrel detector
HCAL Hadronic Calorimeter
HE HCAL Endcap detector

HF HCAL Forward detector

HL-LHC High Luminosity Large Hadron Collider

HLT High Level Trigger
HO HCAL Outer calorimeter

HPL High-Pressure Laminate

ID Identification
IP Impact Parameter

ISR Initial State Radiation

JEC Jet Energy Correction
JER Jet Energy Resolution

JES Jet Energy Scale

KF Kalman Filter

L1 Level-1

LHC Large Hadron Collider

LHCb Large Hadron Collider beauty
LHCf LHC-forward

LO Leading Order

LS Long Shutdown

158



Acronyms

MC Monte Carlo
ME Matrix Element
MoEDAL Monopole and Exotics Detector At the LHC

MVA Multivariate Approach

NDOF Number of Degrees of Freedom
NLO Next-to-Leading Order
NN Neural Network

NNLO Next-to-Next-to-Leading Order

PDF Parton Distribution Functions

PF Particle Flow

PLR Profile Likelihood Ratio

PMNS Pontecorvo-Maki-Nakagawa-Sakata
POI Parameters of Interest

PS Parton Shower

PU Pile-Up

PV Primary Vertex

Q Charge

QCD Quantum Chromodynamics

ReLU Rectified Linear Unit
ROC Receiver Operating Characteristic curve

RPC Resistive Plate Chamber

S Spin

SIP Significance of the Impact Parameter
SM Standard Model

SR Signal Region

SSB Spontaneous Symmetry Breaking

TEC Tracker Endcaps
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Acronyms

TIB Tracker Inner Barrel
TID Tracker Inner Disks
TOB Tracker Outer Barrel

TOTEM TOTal Elastic and diffractive cross section Measurement

VBF Vector Boson Fusion

XGBoost eXtreme Gradient Boosting

XS Cross-Section
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